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Ccnversion  Factors,  Non-Si  to 
SI  Units  of  Measurement 


Non-SI  units  of  measurement  used  i  his  report  can  be  converted  to  SI  units 
as  follows: 


Multiply 

By 

To  Obtain 

feet 

0.3048 

meters 

gallons  (U  S  liquid) 

3785412 

cubic  decimeters 

inches 

254 

millimeters 

pounds  (force) 

4.448222 

newtons 

- - - 

Summary 


Development  of  an  effective  spill  response  plan  required  elucidation  of  the 
potential  interactions  between  soils  and  the  spilled  liquid  propellant  (LP). 
Determining  the  potential  immediate  hazards  of  a  spill  to  exposed  personnel, 
as  well  as  immediate  and  longer  term  hazards  to  the  environment,  required  an 
understanding  of  some  of  the  basic  chemical  and  physical  interactions  of  LP 
with  soils.  The  studies  reported  herein  provide  the  data  necessary  to  anticipate 
these  interactions. 

The  research  was  conducted  in  the  following  four  pans:  soil  characteriza¬ 
tion  and  contact  screening;  batch  sorption;  runoff,  infiltration  and  movement; 
and  effects  on  soil  microflora.  In  addition  to  these  tests,  an  analytical  method 
was  developed  to  detect  environmentally  significant  concentrations  of  LP  com¬ 
ponents  in  soils  and  water. 

Liquid  propellant/LP  XM46  is  composed  of  approximately  60.8-perccnt 
hydroxylammonium  nitrate  (HAN),  19.2-percent  triethanolamine  nitrate 
(TEAN),  and  20.0-pcrcent  water.  The  HAN,  a  strong  oxidizing  agent,  poses 
potentially  dramatic  interaction  problems  with  soils  or  other  surfaces  upon 
which  LP  may  be  spilled.  The  contact  screening  tests  were  performed  to 
qualitatively  evaluate  the  vigor  of  the  oxidation  reaction,  the  character  of  any 
gases  emitted,  and  the  effects  of  extreme  environmental  temperatures  upon 
reactions.  Contact  with  LP  did  not  resuit  in  violent  decomposition  of  the  LP, 
but  visible  bubbling  and  foaming  were  observed  immediately  in  some  soils. 
The  volume  of  total  gases  produced  varied  from  soil  to  soil  and  increased  with 
temperature.  The  only  gases  detected  were  oxygen,  nitrogen,  carbon  dioxide, 
and,  in  several  soils  at  60  °C  only,  nitrous  oxide.  No  carbon  monoxide,  nitro¬ 
gen  dioxide,  or  nitric  oxide  were  detcctco.  Contact  with  LP  resulted  in 
dramatic  decreases  in  pH  and  increases  in  soil  nitrate/nitritc-nitrogcn.  Appro¬ 
priate  precautions  for  handling  acidic  materials  of  pH  less  than  4  should  be 
advised  when  responding  to  an  LP  spill.  Local  soil  conditions,  hydrology,  and 
terrain  should  be  considered  to  determine  the  potential  for  surface  or  ground¬ 
water  contamination  by  nitrate. 

Soil  sorption  of  HAN  and  TEAN  may  be  a  significant  environmental  laic 
process  in  the  event  of  an  accidental  spill.  Batch  partitioning  tests  were  con¬ 
ducted  with  soils  from  five  sites  to  detennine  the  rate  and  extent  of  HAN  and 
TEAN  adsorption  and  to  identify  soil  properties  correlating  with  adsorption. 
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The  HAN  reacted  with  the  soils  producing  gases  that  volatilized.  Therefore, 
KAN  would  persist  and  migrate  until  it  contacted  with  enough  soil  for  com¬ 
plete  reduction  to  gases.  Reactivity  was  slightly  correlated  (R2  =  O.j)  with 
total  organic  carbon,  total  Kjeldahl  nitrogen,  oxalate  extractable  iron,  and  per¬ 
cent  silt.  The  TEAN  did  not  react  with  the  soil,  but  exhibited  limited  adsorp¬ 
tion.  Adsorption  of  TEAN  coTelated  best  with  percent  clay,  cation  exchange 
capacity,  oxalate  extractable  iron,  total  organic  carbon,  oxalate  extractable 
aluminum,  and  total  iron.  Results  indicated  that  soil  sorption  would  not  pre¬ 
vent  migration  of  THAN  through  the  soil  profile  in  a  spill  event. 

The  objectives  of  the  runoff,  infiltration,  and  transport  studies  were  to  relate 
the  distance  LP  flowed  and  its  r?  :e  of  infiltration  to  soil  and  LP  propenies,  and 
to  measure  how  undiluted  and  diluted  LP  reacted  with  sous.  Spill  of  Lr  onto 
soils  was  studied  with  five  soils,  China  Lake  B,  Picatinny  A,  Socorro  P,  WES 
Reference,  and  Yuma  2A,  which  were  selected  for  their  content  of  sand, 
organic  matter,  clay,  silt,  and  silty  sand,  respectively.  The  distance  a  volume 
of  LP  traveled  along  the  soil  surface  and  infiltrated  into  the  soil  was  related 
through  dimensionless  variables  to  the  soil  and  liquid  properties.  LP  reactions 
with  dry  soils  were  studied  in  open-top  column  experiments  in  which  dry  soil 
was  covered  by  LP-saturated  soil  that  contained  858,000-mg  HAN/L  and 
286,000-mg  TEAN/L.  The  LP-saturated  soil  was  covered  by  water.  LP  was 
diluted  to  8,580-mg  HAN/L  and  2,860-n.g  TEAN/L,  then  reacted  with  China 
Lake  B  and  Picatinny  A  soil  in  enclosed  columns.  After  completion  of  tests  of 
diluted  Lr  in  enclosed  columns,  a  c'niuride  ion  iiacei  was  applied  ID  measure 
whether  any  changes  in  soil  mixing  properties  occurred.  Equations  developed 
to  describe  undiluted  LP  runoff  were  less  reliable  than  equations  that  describe 
undiluted  LP  infiltration  due  to  data  scatter.  Undiluted  LP  interacted  with  soils 
to  produce  gases  that  resulted  in  immediate  soil  expansion.  The  soil  remained 
expanded  even  after  gas  escaped.  Picarinny  A  expanded  the  greatest  amount, 
52  percent,  and  WES  Reference  expanded  the  least,  26  percent.  As  LP  infil¬ 
trated  into  dry  soil,  both  HAN  and  TEAN  were  adsorbed  and  reacted,  so  their 
concentrations  were  near  zero  at  the  wetting  front.  Behind  the  welting  front, 
the  concentration  of  HAN  and  TEAN  increased  rapidly,  but  not  to  their 
original  concentrations.  WES  Reference  and  Socorro  P  adsorbed  TEAN  in 
preference  to  HAN.  Diluted  LP  reacted  more  rapidly  with  China  Lake  B  soil 
titan  with  Picatinny  A  soil.  HAN  from  diluted  LP  adsorbed  more  strongly  to 
Picatinny  A  soil  than  to  China  Lake  B  soil,  while  the  reverse  was  true  for 
TEAN.  Diluted  LP  conditioned  both  soil  surfaces  so  that  a  pulse  input  of 
approximately  100  mg  of  chloride  ion  from  salt,  which  usually  does  not  react 
with  or  adsorb  to  soil  surfaces,  reacted  and  adsorbed.  When  diluted  LP  flowed 
through  soils  prior  to  a  cltloride  ion  tracer,  each  species,  HAN,  TEAN,  and 
chloride  ion,  had  different  dispersion  coefficients,  contrary  to  expectations. 
Undiluted  LP  flowed  the  shortest  distance  on  Picatinny  A  soil,  followed  in 
order  by  China  Lake  B,  Yuma  2A,  Socorro  P,  and  WES  Reference  soils, 
respectively.  Undiluted  LP  reacted  immediately  with  all  soils  except  China 
Lake  B  to  cause  permanent  soil  expansion.  HAN  and  TEAN  concentrations 
were  the  lowest  at  the  wetting  front  due  to  their  removal  by  reaction  and 
adsorption  when  undiluted  LP  flowed  into  dry  soil.  The  reactions  of  HAN  and 
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TEAN  in  diluted  LP  which  flowed  in  soil'  v not  predicted  from  the 
behavior  of  undiluted  LP  when  it  flowed  in  soils,  and  vice  vetsa. 

Because  microorganisms  respond  rapidly  to  changes  in  their  environment, 
they  are  sensitive  indicators  of  possible  toxic  effects  of  contaminan’s.  The 
purposes  of  the  microbial  tests  were  to  determine  immediate  and  long-term 
effects  of  diluted  and  undiluted  LP  on  the  soil  microflora,  and  to  compare 
these  effects  with  the  effects  of  comparable  conccntratioas  of  nitric  acid 
(KN03).  Soils  were  cultured  for  number  of  native  actinomycetes,  bacteria, 
and  fungi  after  contact  with  LP  or  nitrL  acid.  Effects  of  washing  the  soil  with 
water  immediately  after  contact  with  LP  were  also  examined. 

The  LP  sterilized  the  soils  within  1  hr  of  contact,  and  no  microorganisms 
were  recovered  from  these  soils  over  a  90-day  contact  period.  This  effect 
mimicked  the  effect  of  1.0-N  HN03  treatment  under  the  same  test  conditions. 
Diluted  LP  (50  percent  by  volume)  killed  all  microorganisms;  however,  this 
effect  failed  to  be  mimicked  by  contact  with  0.1 -N  HN03  from  which  actino- 
mycete  populations  recovered.  Dilution  of  LP  by  flushing  with  water  within 
the  first  hour  or  two  of  the  spill  would  mitigate  long-term  impacts  on  the  soil 
microflora.  However,  immediate  impacts  occur  so  quickly  that  the  site  may  be 
temporarily  depauporate  of  microflora. 

Results  of  this  research  were  incorporated  into  "Guidance  Document  for 
Preparation  ol  Liquid  Propellant  XM46  Spill  Response  Flans"  developed  in 
cooperation  with  the  Waterways  Experiment  Station  by  Arthur  D.  Little,  Inc., 
Acorn  Park,  Cambridge,  MA. 


1  Soil  Characterization  and 
Contact  Screening  Tests1 


Introduction 

Background 

Liquid  propellant/LP  XM46  (LP2)  is  composed  of  approximately 
60.8-percent  hydroxylammonium  nitrate  (HAN),  19.2-percent  triethanolammo- 
nium  nitrate  (TEAN),  and  20.0-perccnt  water.  The  HAN,  a  strong  oxidizing 
agent,  poses  potentially  dramatic  interaction  problems  with  soils  or  other  sur¬ 
faces  upon  which  LP  may  be  spiiied.  The  HAN  is  a  sail  of  hydioxyiaruinc 
(HA)  and  nitrate.  Complete  dissipation  of  HA  in  soils  has  been  documented 
(Bremner,  Blackmer,  and  Waring  1980;  Nelson  1978).  Therefore,  unconfincd 
contact  screening  tests  were  performed  to  qualitatively  evaluate  the  vigor  of 
the  oxidation  reaction  and  the  character  of  any  gases  emitted.  Once  the  reac¬ 
tion  had  been  observed,  necessary'  safety  measures  were  designed  into  all  sub¬ 
sequent  tests  that  required  confinement  of  the  test  system  while  LP  contacted 
soil. 

Confined  contact  screening  tests  were  designed  to  identify  and  quantify 
gases  resulting  from  LP  interaction  with  the  soils.  This  information  contri¬ 
buted  to  the  development  of  proper  spill  response  planning  based  on  the  haz¬ 
ard,  stability,  and  environmental  compatibility  of  LP  in  soils.  Finally, 
reactivity  was  evaluated  at  three  environmental  temperatures,  since  temperature 
was  expected  to  oxen  an  effect  upon  reaction  rates. 


Objectives 

The  objective  of  soil  characterization  was  to  evaluate  the  peuinent  proper¬ 
ties  of  lire  soil  that  may  be  important  to  soil  interactions  with  LP.  The  objee  ■ 
tive  of  the  unconfincd  contact  screening  test  was  to  evaluate  qualitatively  the 


1  By  Judith  C.  Pcnnmgioii,  Cynthia  B.  Price,  Jesse  M.  Hairingtori,  Jimmy  L..  Stewart,  and 
Jcmiifci  A  Busby.  U.S.  Army  Engineer  Waterways  Experiment  Station. 

2  For  convenience,  symbols  and  abbreviations  arc  listed  in  the  notation  (Apjx-ndix  C). 
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reactions  of  LP  with  all  of  the  test  soils.  The  objectives  of  the  confined  con¬ 
tact  screening  tests  were  to  (a)  identify  and  quantify  volatile  products  released 
and  (b)  determine  the  effects  of  temperature  on  composition  and  quantity  of 
gases  evolved. 


Materials  and  Methods 


Soil  collection 


Fourteen  soils  from  five  LP  test  sites  were  selected  for  laboratory  testing. 
Soils  were  selected  to  represent  the  broadest  possible  range  in  properties  so 
that  results  of  tests  could  be  extrapolated  to  additional  »xotential  spill  sites. 
Surface  soils  were  collected  from  the  U.S.  Army  Armament,  Research,  Devel¬ 
opment,  and  Engineering  Center  (ARDEC),  Picatinny,  NJ;  U.S.  Army  Ballis¬ 
tics  Research  Laboratory  (BRL),  Aberdeen  Proving  Ground,  MD;  U.S.  Army 
Yuma  Proving  Ground,  AZ;  Naval  Air  Warfare  Center  (NAWC),  China  Lake, 
CA;  and  New  Mexico  Institute  of  Mining  and  Technology  (NM1MT),  Socorro, 
NM.  Two  additional  soils  were  obtained  to  serve  as  reference  soils;  these 
included  a  U.S.  Army  Engineer  Waterways  Experiment  Station  (WES)  refer¬ 
ence  soil  collected  at  WES  in  Vicksburg,  MS,  and  Yokena  clay  collected  in  a 
field  south  of  Vicksburg.  Two  asphalt  samples  were  obtained  from  the  Geo¬ 
technical  Laboratory,  WES,  and  five  cement  samples  were  obtained  from  the 
Structures  Laboratory,  WES. 


Picatinny  samples.  Two  30-gal1  drums  of  soil  were  collected  from  one 
site  at  the  ARDEC,  Picatinny,  NJ.  After  vegetation,  litter,  and  rocks  were 
scraped  from  the  soil  surface  (typically  the  top  1  to  2  in.),  a  smooth  vertical 
cut  of  approximately  3  ft  was  made.  The  site  had  been  reworked  many  times 
in  the  past;  therefore,  a  distinct  soil  profile  was  not  evident.  Nevertheless,  an 
effort  was  made  to  sample  the  top  6  to  8  in.  (Picatinny  A)  and  the  underlying 
12  to  20  in.  (Picatinny  B).  Soils  in  the  area  arc  typically  from  the  Ridgebury 
Soil  Series.  The  Series  is  described  as  deep,  poorly  drained  stony  soil  with  a 
very  stony  loam  surface  and  a  moderately  developed  fragipan  occurring  1 2  to 
24  in.  below  the  surface  (Soil  Convervation  Service  (SCS)  1976). 


BRL  samples.  Two  (A  and  B  horizons)  30-gal  drums  of  soil  were  col¬ 
lected  from  each  of  two  sites  at  BRL,  Aberdeen  Proving  Ground,  MD.  Both 
samples  were  collected  from  the  general  area  of  76°  05'  west  longitude  and 
39°  27'  north  latitude  on  Spcsutic  Island.  No  information  was  available  on 
these  soils. 


Yuma  samples.  Two  55-gal  drums  of  soil  were  colic  „  irom  each  of  two 
sites  at  the  Yuma  Proving  Ground,  AZ.  Both  samples  were  collected  from  the 
general  area  of  1 14°  16'  west  latitude  and  33''  06'  north  latitude.  Both  A  and 


1  A  tabic  for  convening  non-Sl  to  SI  units  of  measurement  is  presented  on  p  xi. 
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B  soil  horizons  were  collected  at  each  site.  Soils  from  site  1  (Yuma  1-A  and 
Yuma  1-B,  the  A  and  B  horizons  of  which  ranged  from  the  surface  to  12  in.  of 
depth  and  from  12  to  24  in.  of  depth,  respectively)  were  collected  in  a  weli- 
stratified  drainage  basin  belonging  to  the  Riverbend  Family-Carrizo  Family 
Complex  Soil  Series.  Riverbend  Family  soils  are  classified  as  sandy-skeletal, 
mixed  hyperthermic  typic  calciorthids  (SCS  1992).  Soils  from  site  2  (Yuma  2- 
A  and  Yuma  2-B  having  horizon  depths  comparable  to  those  described  above 
for  site  1)  were  collected  on  a  raised  area  above  the  drainage  basin  from  which 
the  first  samples  were  co’lected.  These  soils  also  bc..>ng  to  the  Riverbend 
Family-Carrizo  Family  Complex  Soil  Series. 

China  Lake  samples.  Two  55-gal  drums  of  soil  were  obtained  from  one 
site  at  the  NAWC,  China  Lake,  CA.  The  sampling  site  was  located  at  approxi¬ 
mately  1 17°  28'  west  longitude  and  35°  41'  north  latitude.  One  sample  was 
taken  from  the  top  4  to  8  ir,.;  the  other,  at  12  to  16  in.  The  extremely  sandy 
soil  in  this  arid  area  has  not  been  classified  by  the  SCS. 

Socorro  samples.  Two  55-gal  drums  of  soil  were  collected  at  NMIMT, 
Socorro,  NM.  Both  samples  were  collected  from  the  Big  Eagle  Testing  Range 
located  at  approximately  106“  58'  west  longitude  and  34°  3.5'  north  latitude 
(SCS,  Soil  Survey  of  Socorro  County  Area,  NM,  Section  8,  SE  1/4,  SE  1/4, 
Section  8,  R1W,  T3S).  One  sample  (Socorro  S)  was  a  composite  of  four 
stibsamples  collected  from  different  locations  on  the  test-pad  surface  to  a  depth 
Oi  J  il.  ennee  site  construction  in  isroo  uistuiucu  the  original  Soil  honzOliS, 
vertical  cuts  indicated  a  fairly  homogeneous  soil  structure.  The  second  sample 
(Socorro  P)  was  collected  on  the  periphery  of  the  test  pad  along  a  shallow 
drainage  ditch  encircling  the  test  pad.  The  test  pad  was  set  in  a  small 
horseshoe-shaped  canyon  of  rock  having  very  little  soil  filling  the  crevices. 
Construction  had  also  altered  the  original  soil  profile  at  tliis  site.  The  com¬ 
posite  sample  (Socorro  P)  was  taken  from  L-shaped  wedges  cut  into  the  bank 
at  five  locations.  Although  disturbed,  the  soil  type  probably  most  closely 
approximates  the  Turney  Variant,  which  is  typical  for  die  surrounding  area. 

The  SCS  classifies  Turney  Variant  soils  as  fine-loamy,  mixed,  thermic  typic 
calciorthids  ^SCS  1988).  Both  samples  were  mixed  and  screened  through  a 
1/4-in.  wire  mesh  before  transport  to  WES.  Any  chunks  of  dirt  were  broken 
and  rubbed  through  the  mesh.  Stones  were  discarded. 

WES  Reference  soil.  WES  Reference  soil  is  a  silt  collected  from  the 
grounds  of  a  designated  site  at  the  WES,  The  soil  is  classified  as  clayey  over 
loamy,  montmoriilonitic,  nonacid,  thermic,  vertic  haplaqucpt  (SCS  1964).  The 
soil  is  used  as  an  internal  laboratory  silt  control  in  the  Environmental  Pro¬ 
cesses  and  Effects  Division  (EPED),  Environmental  Laboratory,  WES. 

Yokena  clay.  Yokena  soil  is  a  heavy  clay  collected  in  the  vicinity  oi  WES 
(approximately  90°  58'  west  longitude  and  32°  15'  north  latitude).  Yokena  is 
an  agricultural  surface  soil  from  the  Mississippi  River  floodplain.  The  soil  is 
classified  as  a  very  fine,  montniorillonitio,  nonacid,  thermic,  vertic  haplaqucpt 
(SCS  1964).  The  soil  is  used  as  an  internal  laboratory  clay  control  in  die 
EPED. 
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Soil  characterization 


Soils  were  classified  according  to  the  Unified  Soil  Classification  System 
(USCS)  (WES  1960).  Tliis  classification  system  assesses  the  engineering 
propenies  of  soils.  The  USCS  classifies  coarse-grained  soils  according  to  their 
grain  size  distributions,  and  fine-grained  soils  according  to  their  plasticity. 

Only  a  sieve  analysis  and  the  Atterberg  limits  arc  necessary  to  completely 
classify  the  soils.  The  Yuma  and  China  Lake  soils  had  been  sieved  through  a 
0.625-cm  (0.25-in.)  sieve  before  shipment  to  remove  rocks.  Therefore,  tlie 
classification  of  these  two  soils  ignores  the  >0.625-cm  fractions. 

Soils  for  chemical  and  physical  characterization  were  sieved  to  2  mm 
(0.08  in.)  and  thoroughly  mixed.  Total  organic  carbon  (TOC)  was  determined 
by  American  Public  Health  Association  (APHA)  (1989)  Method  5310  D. 
Percent  organic  matter  was  determined  by  the  Wakley-Black  method  as  modi¬ 
fied  by  Dc  Boll  (De  Bolt  1974).  Soil  pH  was  determined  on  magnetically 
stirred  soil  slurries  (1:1,  soil:  distilled  deionized  water)  using  a  Beckman 
Model  SS-3  pH  meter  (Beckman  Instruments  Inc.,  Fullerton,  CA)  (U.S.  Envi¬ 
ronmental  Protection  Agency  (EPA)  1986).  Cation  exchange  capacity  (CEC) 
was  determined  by  the  ammonium  saturation  method  (Plumb  1981).  Extracts 
for  CEC  determinations  were  analyzed  according  to  EPA  Standard  Method 
350.1  (EPA  1982).  Conductivity  and  salinity  were  determined  according  to 
the  procedure  of  Rhoades  (1982).  Particle  size  distribution  was  determined  by 
the  method  of  Day  ( 1956)  as  modified  by  Patrick  (1958).  Additional  analysis 
included  nitrate  nitrogen  (NOrN),  total  Kjeldahl  nitrogen  (TKN),  ammonia 
nitrogen  (NH3-N),  and  organic  nitrogen  (ON)  (EPA  1990).  Total  iron  (Fe)  was 
determined  by  EPA  SW846  Methods  3050  and  6010  (EPA  1990).  Oxalate 
extractable  Fe,  aluminum  (Al),  manganese  (Mn).  and  calcium  fCa)  were  deter¬ 
mined  according  to  the  method  of  Brannon  and  Patrick  (1985).  Metals  were 
assayed  on  a  Beckman  Spectra  Span  IHB  Argon  Plasma  Emission  Spectro¬ 
photometer  (Applied  Research  Laboratories,  Dearborn,  MI).  All  soils  from 
sites  where  explosives  arc  used  or  ha\  e  been  used  in  the  past  are  tested  for 
explosives  by  EPA  SW-846  Method  8330  (EPA  1990).  Analytes  included 
2,4,6-trinitrotoluene  (TNT);  l,3,5-trinitro-l,3,5-hexahydrotriazinc  (RDX); 
l,3,5,7-tetianltrooctahydro-l,3,5,7-tctrazocine  (HMX);  letrvl,  1,3- 
dinitrobenzene  (DNB);  1,3,5-trinitrobenzene  (TNB);  2,4-dinitrotoluenc  (2,4- 
DNT);  2,6-dinitrotoluene  (2,6-DNT);  and  4-amino-2,6-dinitrotoluene  (4ADNT). 

Several  characteristics  of  soils  were  anticipated  to  change  significantly  after 
contact  with  LP.  Soils  were  assayed  for  these  parameters  after  LP  contact 
under  controlled  conditions.  Soil  pH  was  determined  24  hr  after  contacting 
each  soil  with  undiluted  LP  using  EPA  Method  9045  (EPA  1986).  Total 
Kjeldahl  nitrogen  and  ammonia  nitrogen  by  EPA  Method  351.2  (EPA  1986) 
and  nitrate/nitrite  nitrogen  by  EPA  Method  353.2  (EPA  1986)  were  also  deter¬ 
mined  on  these  samples.  A  qualitative  test  on  all  soils  for  the  presence  of 
inorganic  carbon  (calcite,  dolomite,  solublc-C03'2  and  HC03 ')  was  also  con¬ 
ducted  (Nelson  and  Sommers  1982).  The  buffering  capacity  of  China  Lake  A 
and  B,  Socorro  S  and  P,  Picatinny  B,  Yuma  ?.A,  Yokena,  and  WES  Reference 
lor  LP  was  determined  by  adding  undiluted  Li  one  to  several  drops  at  a  time 
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to  a  1:4  soil  to  water  slurry  while  monitoring  pH.  Titration  was  continued 
until  a  tt  Lal  of  20  mL  of  LP  had  been  added. 


Cement  and  asphalt  characterization 

Cements  were  characterized  before  contact  with  LP  according  to  American 
Society  for  Testing  and  Materials  (ASTM)  methods  (ASTM  1992d,g). 

Asphalts  were  characterized  before  contact  with  LP  according  to  ASTM  meth¬ 
ods  (ASTM  1992e,f,h,i).  Asphalts  were  also  characterized  before  and  after 
contact  with  LP  by  Fourier-Transform  Infrared  Spectroscopy  (FTIR)  using 
attenuated  total  internal  reflectance  (ATR).  A  Nicolet  510P  FTIR  spectrometer 
(Nicolet  Instrument  Corp.,  Madison,  WI)  containing  a  Michelson  Interfero¬ 
meter  and  a  Deuterium  Triglyceride  detector  was  used.  Individual  spectra 
were  obtained  by  ratioing  the  background  signal  through  an  internal  reflectance 
element  (IRE)  only  with  the  sample  to  IRE  signal.  The  IRE  was  a  germanium 
crystal.  Samples  of  asphalt  for  analysis  were  dissolved  in  toluene  and  poured 
onto  the  crystal.  The  toluene  was  allowed  to  evaporate  leaving  a  thin  film  of 
asphalt  cement  deposited  on  the  crystal.  The  IRE  was  placed  into  the  FTIR, 
and  the  sample  container  was  purged  with  nitrogen  (N2)  to  remove  carbon 
dioxide  (COJ,  and  water  vapor.  The  collection  parameters  used  to  obtain  the 
spectra  were  32  scans  at  a  resolution  of  4  cm1. 


Unconfined  contact  screening  tests 

The  unconfined  contacting  screening  tests  consisted  of  contacting  1  g  of 
each  soil  on  an  oven  dry  weight  (ODW)  basis,  asphalt,  or  cement  with  150  pL 
of  LP.  Tests  were  conducted  at  23  and  60  °C.  The  soils  and  other  materials 
were  heated  in  aluminum  weighing  pans  on  a  programmable  hot  plate  for  high 
temperature  tests.  The  LP  was  added  through  a  syringe,  one  drop  at  a  time. 
Physical  changes  such  as  bubbling,  foaming,  and  color  variation  were  noted 
over  a  24-hr  period. 


Confined  contact  screening  tests 

Selection  of  soils  for  confined  contact  screening  tests  was  based  on 
observed  reactivity  in  the  unconfined  contact  screening  tes'.  and  soil  character¬ 
istics.  Soils  selected  for  testing  included  China  Lake  A,  Yuma  2A,  Yokcna, 
and  WES  Reference.  Tests  were  conducted  in  20-mL  Warburg  flasks  on  a 
Gilson  Differential  Rcspirometcr  (Gilson  Medical  Electronics,  Inc.,  Middleton, 
WI)  at  5,  22  and  60  °C.  An  aqueous  reference  flask  was  run  concurrently  with 
each  sample.  The  0.25-g  (ODW)  soil  and  100  pi.  of  LF  were  placed  so  that 
the  LP  was  spatially  separated  from  the  soil  in  the  bottom  of  the  flasks. 

Flasks  were  sparged  with  helium  gas  for  5  min  before  the  manometer  was 
allowed  to  equilibrate  for  20  to  30  min.  After  equilibration,  flasks  were  tilted 
to  allow  the  LP  to  contact  the  soil.  After  30  min,  the  change  in  pressure  was 
read,  and  a  sample  of  the  head  space  gases  was  withdiawn  for  gas  liquid 
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chromatographic  (GLC)  and  FTIR  analysis  using  a  gas-tight  syringe  equipped 
with  a  needle  valve. 

Total  gas  was  determined  by  correcting  volume  measured  on  the  respirome¬ 
ter  to  standard  temperature  (273  °K)  and  pressure  (760  torr)  (STP)  using  the 
following  equation: 

i7/  =  273  x  (B-WJAG  (1) 

7607 


where 

G'  =  actual  volume  of  gas  produced  (pL) 

B  =  barometric  pressure  (torr) 

AG  =  change  in  gas  volume  in  the  respirometer  flask  (pL) 
Wp  =  water  vapor  pressure  at  test  temperature  (torr) 

T  =  temperature  of  water  bath  (°K) 


- - 1__  /I  AA  - -T  \ - - 1 - -  A  «  TI - 1  /UT)\ 

jiLJ  wcic  ancuy^u  un  a  ni>wii,u  i  a^rwaiu  kixj  j 

5890  Series  II  gas  chromatograph  using  a  Supelco  Carboxen  1000  column. 

The  initial  temperature  was  35  °C  for  1  min;  then  the  temperature  was  ramped 
at  a  rate  of  25  °C/min  to  a  final  temperature  of  200  °C,  which  was  held  for 
10  min.  The  detector  was  a  thermal  conductivity  set  for  high  sensitivity. 
Injection  temperature  was  180  °C,  and  detector  temperature  was  210  °C. 


For  FTIR  analysis,  10  mL  of  gas  was  forcefully  withdrawn  from  the  respi¬ 
rometer  flask  and  injected  into  a  pre-cvacuated  10-cm  Beta  Gas  Cell  (Interna¬ 
tional  Crystal  Laboratories,  Garfield,  NJ)  having  a  25  x  4  mm  NaCl  disc.  The 
gas  cell  was  kept  in  a  desiccator  at  ambient  temperature  until  analyzed  on  a 
Nicolet  510P  FTIR  spectrometer  (Nicolet  Instrument  Corp.,  Madison,  WI) 
containing  a  Michclson  Interferometer  and  a  Deuterium  Triglyceride  detector. 
Purge  gas  was  N2.  Thirty-two  scans  were  performed  per  sample  at  a  resolution 
of  4  cm'1. 


Qualitative  identification  of  gases  produced  in  confined  contact  screening 
tests  vas  made  by  comparing  the  sample  gas  chromatograms  and  FTIR  spectra 
with  chromatograms  and  spectra  obtained  from  the  analysis  of  a  standard  gas 
(Scott  Specialty  Gas,  Inc.,  Houston,  TX)  containing  1  percent  (moles)  of  each 
of  the  following  gases:  C02,  carbon  monoxide  (CO),  nitric  oxide  (NO),  nitro¬ 
gen  dioxide  (N02),  and  nitrous  oxide  (N20).  To  quantify  analytes  detected  by 
GLC,  integrated  peak  areas  were  converted  to  pL  of  analyte  at  STP  using  a 
standard  curve  generated  based  on  the  analysis  of  varying  volumes  of  the  same 
standard  gas  mixture.  The  FTIR  spectrum  of  the  standard  gas  mixture  was 
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compared  to  spectra  for  N02,  C02,  CO,  and  N20  obtained  from  Sadder 
Research  Laboratories,  Inc.,  Philadelphia,  PA.  To  quantify  analytes  detected 
by  FTIR,  the  height  of  the  most  prominent  peak  for  a  given  analyte  was  com¬ 
pared  with  the  height  of  the  same  peak  in  the  standard  using  a  standard  curve 
for  that  analyte,  which  was  generated  based  on  the  analysis  of  varying  volumes 
of  the  same  standard  gas  mixture.  The  thermal  conductivity  detector  on  the 
GLC  is  not  sensitive  to  N02  or  NO,  while  the  FTIR  is  not  sensitive  to  N2. 


Resuits 

Characteristics  of  soils 

According  to  the  USCS  classification,  the  soils  used  in  this  study  tended  to 
be  sandy  with  a  brown  color  (Table  1).  Although  selection  of  soils  was  based 
on  planned  locations  for  LP  testing,  soils  exhibited  a  broad  range  in  chemical 
and  physical  properties  (Table  2).  Particle  size  ranged  from  high  percent  sand 
(Cliina  Lake  B  soil,  97.5  percent),  silt  (WES  Reference  soil,  93.8  percent),  and 
clay  (Yokena  soil,  48.75  percent)  to  no  sand  (Wes  Reference  soil),  silt  (Cliina 
Lake  B  soil),  and  only  2.5-percent  clay  (China  Lake  B  soil).  Two  of  the  soils 
represented  the  upper  limits  of  particle  size  distribution  in  soils  across  the 
country':  China  Lake  B  was  97.5-percent  sand,  and  WES  Reference  was 
93.8-percent  silt.  Yokena  was  48.8  percent  clay,  which  is  a  relatively  high 
clay  percentage.  Total  orgaiuc  carbon  ranged  from  176  mg/kg  in  China 
Lake  A  to  24,010  mg/kg  in  Yokena.  Cation  exchange  capacity  ranged  from 
3.5  meq/100  g  ir  China  Lake  A  to  38.9  meq/100  g  in  Yokena.  All  of  the 
Socorro  and  Yutna  soil  samples  were  saline.  The  pH  values  of  the  soils  were 
generally  within  the  typical  range  of  4  to  8  (Millar,  Turit,  and  Foth  1958) 
except  for  China  Lake  and  Socorro  soils,  which  were  more  alkaline.  Some  of 
the  soils  were  positive  for  inorganic  carbon:  Yuma  2 A,  China  Lake  A, 

Socorro  S,  and  Socorro  P.  Nitrate/nitrite  nitrogen  varied  from  a  high  of 
290.4  mg/kg  in  Yuma  2A  soils  to  less  than  detectable  levels  in  the  China  Lake 
soils.  No  explosives  or  TNT  transformation  products  were  detected  in  any  of 
the  soils.  Detection  limits  for  explosives  analysis  were  generally  lower  than 
2  ppm. 

Soil  pH  dropped  dramatically  after  contact  with  undiluted  LP  (Table  3). 
Mean  pH  for  all  soils  before  contact  with  LP  was  7.1  +  0.4;  after  contact,  the 
mean  was  3.0  +  0.3.  The  pH  of  the  undiluted  LP  was  0.36.  The  buffering 
capacity  of  the  soils  for  LP  was  poor  as  demonstrated  by  titrating  several  of 
the  soils  with  LP  (Figure  1).  The  graph  illustrates  how  soil  pH  would  change 
as  the  volume  of  LP  increases  in  a  spill  event.  An  insufficient  number  of  soils 
were  analyzed  to  perform  a  valid  correlation  analysis  of  buffering  capacity  and 
soil  properties.  However,  if  an  arbitrary  inflection  point  is  defined  as  the  point 
on  the  curve  at  which  the  pH  decreases  by  less  than  5  percent  from  the  pH  at 
the  previous  LP  addition,  the  pH  values  at  the  inflection  points  for  the  differ¬ 
ent  soils  can  be  compared  as  shown  in  the  following  tabulation. 
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Soil 


Yuma  2A 


Wes  Reference 


YoKena 


China  Lake  A 


China  Lake  B 


Picatinny  B 


Socorro  P 


Socorro  S 


Inflection  Point 


6.2 


4.6 


Original  Soli  pH 


8.0 


6  2 


Table  1 

Soils  Characterized  According  to  the  Unified  Soil  Classification 
System 

Soli 

- —  .  ■  —  -  1  ~ 

Classification 

China  Lake  A 

Silty  Sand  (SP-SM),  Brown,  Trace  of  Gravel' 

China  Lake  B 

Sand  (SP),  Gray;  Trace  of  Gravel' 

Socorro  P 

Sandy  Clay  (CL),  Gray 

Socorro  S 

Sandy  Clay  (CL),  Brown 

Picatinny  A 

Silty  Clayey  Sand  (SC),  Brown 

Picatinny  B 

Silty  Clayey  Sand  (SC),  Brown,  Trace  of  Gravel 

Yuma  1-A 

Silty  Sand  (SM),  Brown’ 

Yuma  i-B 

Silty  Sand  (SM),  Brown’ 

Yuma  2 -A 

Silty  Sand  (SM),  Brown’ 

Yuma  2-B 

Clayey  Sand  (SC),  Brown’ 

BRL-SAS  A 

Silt  (ML),  Gray;  with  Sand 

BRL-SAS  B 

Silty  Clay  (CL),  Brown,  with  Sand 

BRL-MAR  A 

Clayey  Silt  (ML),  Brown,  with  Sand 

BRL  MAR  B 

Silty  Clay  (CL),  Brown,  with  Sand 

Yokona 

Clay  (CH),  Gray 

WES  Reference2 

Silt  (ML),  Gray  j 

'  These  soils  Lad  been  sieved  though  a  0.625-cm  screen  before  classification 

2  WES  Reference  is  the  Waterways  Expennient  Station  in-house  reference  soil 
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Table  3 

Soil  pH  Before  and  After  24-hr  Contact  with  Undiluted  LP 

Soli 

pH’ 

Before1 

After1 

China  Lake  A 

9.25+^0  015 

3  30  +  0  027 

China  Lake  B 

9.07  +  0  042 

3.33  +  0  027 

Socorro  P 

8.07  +  0  047 

3.81  _+  0  013 

Socorro  S 

8  12  +  0.015 

3.92  +  0.0080 

Picatinny  A 

5.91  +  0  049 

1  88  +  0  0033 

Picabnny  8 

6.07  +  0.0033 

2.02  +  0  0088 

Yuma  1A 

8.51  +0015 

3.83  +  0.055 

Yuma  IB 

7.99  +  0.060 

4  30  +  0.038 

Yuma  2A 

8  02  +  0.020 

4  39  +  0  043 

Yuma  2B 

7.96  +  0  015 

4.14^0047 

BRL-SAS  A 

4  54  +  0.0033 

1.95  +  0.013 

BRL-SAS  B 

5.85  +  0  037 

2.11  +  0025 

6RL-MAR  A 

5.62  +  0.039 

1.50  +  0.0033 

BRL-MAR  B 

568.+  0.032 

1  67  +  0  018 

Yokena 

6  42  +  0  029 

2.55  +  0  0033 

WES  Reference 

-J 

6.20  +  0  027 

2.43  +  0.012 

1  Values  are  mean  of  thruo  replicates  +_  standard  error. 

1  Measured  in  1 :1  soil  to  water  ratio  (EPA  1986). 

1  Measured  in  1 :1  soil  to  undiluted  liquid  propellant  slurries 

The  China  Lake  A  and  B  soils  exhibited  the  greatest  change  in  pH.  The  poor 
buffering  capacity  of  these  soils  is  probably  due  to  low  TOC,  since  the  soils 
that  exhibited  the  least  change,  Yokena  and  WES  Reference,  have  high  TOC. 

Nitrate/Nitrite-nitrogen,  totrd  Kjeldahl  nitrogen,  ammonia  nitrogen,  and 
organic  nitrogen  increased  dramatically  in  soils  contacted  with  LP  (Table  4). 
These  results  are  a  reflection  of  residual  N03  and  triethanolamine  (TEA) 
remaining  in  the  soils.  Undiluted  LP  had  a  NO/NO^N  level  cf 
132,000  mg/kg  and  a  TKN  concentration  of  19,700  mg/kg.  (The  sample  was 
diluted  1:10,000  to  conduct  the  analyses.)  This  NOj/NOj-N  value  is  about  3.5 
times  lower  than  the  calculated  value  of  453,280  mg/kg  for  undiluted  LP 
(exclusive  of  transformations  of  the  amines  to  NO/N02).  In  this  test,  LP  was 
diluted  1:1  with  the  soil.  The  calculated  concentration  of  NOydMOj-N  available 
in  the  te.st  is  267,186  mg/kg.  The  actual  NQj/NOj-N  values  average  only 
about  10  percent  of  tins  value  (Tabic  4).  Therefore,  a  possibility  exists  that 
some  of  the  N2  released  when  undiluted  LP  contacts  the  soil  is  derived  from 
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breakdown  of  N03.  Extrapolating  to  a  spill  scenario  in  which  no  N03  breaks 
down  when  the  LP  contacts  the  soil,  each  kilogram  of  LP  could  release 
approximately  326,000  mg  of  N(VN02-N.  The  local  soil  conditions,  hydrol¬ 
ogy,  and  terrain  should  be  considered  when  determining  the  potential  for  sur¬ 
face  or  groundwater  contamination  by  N03. 


Characteristics  of  cements  and  asphalt 

Two  of  the  five  portland  cement  samples  were  Type  I  (155  and  156),  two 
were  Type  II  with  fly  ash  added  (133F  and  158F),  and  one  was  Type  II  with¬ 
out  fly  ash  (157).  Characterization  data  on  the  Type  I  cements  were  unavail¬ 
able,  but  the  chemical  characterization  data  on  the  Type  II  cements  arc  given 
in  Table  5.  All  cement  samples  met  the  cited  ASTM  specifications.  Selected 
characterization  data  for  the  two  asphalt  sample  (VS5  and  VA20)  are  presented 
in  Table  6.  The  table  gives  the  vacuum  capillary  viscosity  at  60  °C 
(Method  D  2171,  ASTM  1992ij,  the  kinematic  viscosity  at  135  °C 
(Method  D  2170,  ASTM  1992e),  the  penetration  at  25  and  4  °C  (Method  D  5, 
ASTM  1992f).  and  the  softening  point  (Method  D  36,  ASTM  1992h).  The 
VS5  sample  had  a  low  viscosity  and  would,  therefore,  be  used  in  colder 
regions  to  minimize  thermal  cracking  of  the  pavement.  The  VA20  would  be 
very  brittle  at  low  temperatures,  but  would  be  stable  at  high  temperatures.  The 
VA20  would  be  used  in  warmer  climates  to  minimize  deformation  tendencies 
of  the  pavement. 


Unconflned  contact  screening  tests 

Results  of  unconflned  contact  screening  tests  indicated  that  LP  interactions 
with  soils  were  not  vigorous  enough  to  produce  splattering  hazards.  Reactions 
with  Yuma  2A  and  Socorro  P  soils  were  immediately  visible  at  ambient  tem¬ 
perature  as  frothing  or  bubbling  (Figure  2),  presumably  as  HAN  oxidized  so:! 
components  (Table  7).  In  other  soils,  no  reaction  was  immediately  visible,  but 
bubbles  slowly  developed;  in  others,  no  reaction  was  evident  over  the  24-hr 
observation  period.  Only  one  cement  sample,  156,  exhibited  immediate  foam¬ 
ing  when  contacted  by  LP  (Table  7).  However,  all  but  one  cement  sample 
developed  at  lrast  some  bubbling  at  50  °C.  A  color  change  was  observed  in 
three  of  the  cement  samples.  Asphalts  exhibited  no  visible  reaction  with  LP. 
The  FTIR  spectra  before  and  after  contact  of  LP  with  the  asphalt  samples  were 
identical  (Figures  3  and  4). 


Confined  contact  screening  tests 

Soils  for  the  confined  contact  screening  tests  were  selected  on  the  basis  of 
visible  reaction  with  LP  in  the  unconflned  tests  and  on  soil  properties.  China 
Lake  A  was  selected  to  represent  soils  with  limited  reaction  potential  because 
of  its  slow  reactivity  with  LP  and  its  high  percentage  ol  sand.  China  Lake  A 
was  also  low  in  TOC,  CLC,  conductivity,  and  NO/NOj-N.  Yuma  2A  was 
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Table  5 

Chemical  Composition  of  Test  Cements1 

Sample 

Teat 

133F 

158F 

157 

ASTM  Specification1 

C  618,  Class  F 

C  618,  Class  F 

C  150,  Typo  II 

Chemical  Anlaysis 

SiOj 

50  0 

51  2 

22  8 

AIA 

24  1 

17  8 

3  2 

Fe2Oa 

15  4 

15  5 

4  0 

Sum  SiOj,  AljOj.  Fepj 

89  5 

84  4 

NA 

CaO 

NA1 

NA 

61  7 

MgO 

1  1 

0  7 

3.8 

SO, 

1  3 

1  4 

25 

Na,0 

NA 

NA 

0.07 

KjO 

NA 

NA 

0  72 

TO, 

NA 

NA 

0.16 

PA 

NA 

NA 

0.10 

Moisture  content 

0  3 

02 

NA 

Loss  on  ignition 

1  0 

09 

08 

Available  alkalies  (28  day) 

1.0 

NA 

0  54 

t  —  -  - 

1 

1  1  All  units  arc  porccnt. 

1 

ASTM  designation  of  specifications  (ASTM  1992  a,b)  arid  tost  procedures  (ASTM  1992  d.g) 

||  This  tost  not  conducted  or  not  required  for  the  matenal  tested 

Table  6 

Characterization  of  Test  Asphalts 

Teat 

Sample 

VS5 

VA20 

Viscosity,  60  °C  (poises) 

411 

1,748 

Viscosity.  135  °C  (centistokes) 

ICO 

330 

Penotration.  25  °C  (x  0  1  mm) 

158 

55 

Penetration,  4  °C  (x  0  1  mm) 

48 

22 

Softoning  Point  (°C) 

47 

49  5 

chosen  because  it  exhibited  the  most  immediate  and  vigorous  reaction  with  LI’ 
and  because  of  its  high  NOj/NOz-N  and  moderate  salinity.  Yokena  was 
selected  to  represent  highly  organic  soils  with  substantial  clay  content. 

Yokena  was  also  high  in  CKC  and  total  It..  WPS  Reference  was  selected  for 
its  moderate  reaction  characteristics  and  its  high  percentage  of  silt  and 
ammonia. 
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Results  of  GLC  analysis  of  gases  produced  in  the  confined  contact  screen¬ 
ing  tests  indicated  production  of  relatively  large  volumes  of  gas  (Figure  5). 

One  hundred  pL  of  LP  generated  approximately  800  to  4,000  pL  of  total  gas  at 
STP.  The  GLC  analysis  showed  that  oxygen  (O^,  N2,  and  C02  predominated 
at  all  three  test  temperatures  (Tables  8  through  10).  No  CO  was  detected. 
Nitrous  oxide  (N20)  was  detected  by  both  GLC  and  FTIR  in  several  soils  at 
60  °C  only.  Nitric  oxide  (NO)  is  unstable  in  the  presence  of  02,  rapidly  con¬ 
verting  to  nitrogen  dioxide  (N02).  Therefore,  the  presence  of  NO  was 
unlikely,  given  the  consistent  presence  of  02.  Neither  NO  nor  N02  was 
detected. 


Figure  5.  Total  gas  (STP)  produced  when  0.25  g  of  soil  was  contacted  w’ih  100  pL  of  LP 


Oxygen  was  produced  in  the  highest  volume  of  any  gas  (Tables  8  through 
10).  Hazards  associated  with  elevated  oxygen  levels  should  be  considered  in 
the  event  of  a  spill  in  a  confined  area  or  in  conjunction  with  fire  hazards. 

The  sum  of  analyte  volumes  determined  by  GLC  plus  FTIR  analyses  did 
not  account  for  the  total  volume  of  gases  produced  in  the  respirometcr. 
However,  quantifying  the  volume  of  gas  removed  from  the  respirometcr  was 
difficult  because  of  the  small  size  of  the  manometer  and  Uv*  relatively  large 
volume  of  samples  withdrawn.  Withdrawal  of  a  100-pL  sample  for  GLC 
analysis  presented  little  difficulty,  but  removal  of  10  ml  from  the  25-mL 
respirometer  flask  was  above  the  range  of  the  constant  manometer.  Therefore, 
determination  of  the  exact  volume  of  sample  removed  from  the  respirometcr 


20 


Chapter  1  Soil  Characterization  and  Contact  Screonmg  Tests 


Table  8 

Gases  Evolved  from  Contacting  0.25-g  Sol!  with  100-m.L 
Undlluted  LP  at  5  °C  as  Determined  by  GLC  (m-L,  STP)1 


Sol! 

Total 

°2 

_ 

CO, 

N,0 

China  Lake  A 

— 

108.5 

0.580 

0.938 

0  039 

ND2 

Yuma  2 A 

458 

16.6 

7  18 

1.67 

ND 

Yokena 

190.9 

1.82 

1.61 

ND 

ND 

WES  Reference 

93.3 

1.54 

0.735 

ND 

ND 

1  All  values  represent  means  of  three  replicates. 

2  ND  =  none  detected 


Table  9 

Gases  Evolved  from  Contacting  0.25-g  Soil  with  100-p.L 
Undiluted  LP  at  23  °C  as  Determined  by  GLC  'uL,  STP)1 


Soil 

Total 

o. 

N, 

uO« 

N,0 

China  Lake  A 

907.5 

319 

101.8 

2.27 

ND 

Yuma  2A 

4,323 

_ 

55.3 

49.8 

2.95 

ND 

Yokena 

1,319 

tmmmm 

ND 

ND 

WES  Reference 

806.3 

262 

104.9 

ND 

ND  j 

1  All  values  represent  means  of  three  replicates.  j 

- \ 

Table  10 

Gases  Evolved  from  Contacting  0.25-g  Soli  with  100-^L 
Undiluted  LP  at  60  °C  as  Determined  by  GLC  (j.iL,  STP)1 


Soil 

Total 

°2  

N, 

CO, 

-  ■  '  — - =j 

N,0 

China  Lako  A 

1.061 

7.044 

11  09 

1  60 

0  10252 

Yuma  2A 

6,466 

677 

220 

3  97 

ND 

Yokena 

3,179 

101.57 

38  4 

ND 

4.96 

WES  Reference 

1,277 

22.8 

13  9 

ND 

0.2372 

'  All  values  represent  means  of  three  replicates 
j^2  Detected  in  one  replicate  only 
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for  FTIR  analysis  relied  upon  the  assumption  that  an  insignificant  amount  of 
analyte  remained  in  the  scaled  flask 

The  gas  of  greatest  potential  concern  is  N02  (Oxley  and  Brower  1988, 
Wojciechowski  and  Leveritt  1991).  It  can  be  detected  by  FTIR,  but  not  GLC. 
In  order  to  determine  the  confidence  that  can  be  placed  in  the  FTIR  data, 
comparison  between  an  analyte  detected  by  both  GLC  and  FTIR  was  made. 
Nitrous  oxide,  which  was  detected  by  both  GLC  and  FTIR,  was  used  to  com¬ 
pare  quantities  determined  by  the  two  methods  (Table  1 1).  The  values  agree 
within  an  order  of  magnitude  at  the  95-percent  confidence  level  (i.e.,  mean 
+2  units  of  standard  error).  Standard  curves  for  both  N20  and  N02  were  con¬ 
structed  by  converting  from  volume  of  standard  injected  to  moles  of  N20  and 
N02  in  the  FTIR  cell  using  the  Ideal  Gas  Law  (Figure  6).  Assuming  10  times 
signal  to  noise  (3  mm  signaV0.3  mm  noise,  response  measured  as  peak  height), 
the  conservative  detection  limits  for  FTIR  determination  of  either  N20  or  N02 
is  a  peak  height  of  3  mm.  The  detection  limit  for  N20  from  the  standard 
curve  was  4.6  x  10 8  moles;  the  detection  limit  for  N02  was  7.6  x  10'8  moles. 
Therefore,  with  95-percent  confidence,  the  N02  level  was  no  more  than  an 
order  of  magnitude  above  the  detection  limit  of  7.6  x  10'8  moles. 


Table  11 

Nitrous  Oxide  Detected  In  Gases  Evolved  from  Contacting 

0.25-g  Soli  with  100-pL  Undiluted  LP  at  60  °C:  Comparison 
j  Between  GLC  end  FTIR  Results  (Standard  Errors)1 

Soil 

GLC 

FTIR 

China  l_ake  A 

1.719  x  10* 

8.77  x  10* 

(1  719  x  10  *) 

(8  77  x  10*) 

Yckena 

3  606  x  10* 

9  44  x  10* 

(1.504  x  10*) 

(4.69  x  10  *) 

WES  Reference 

1  002  x  10* 

2.87  x  10 7 

(8.19  x  10’) 

(1.09  x  10 7) 

'  All  values  are  means  of  three  replicates,  although  N20  was  detected  in  only  one  replicate  of 
China  Lake  A  by  GLC  and  FTIR  and  in  only  one  replicate  of  WES  Reference  by  GLC  (zeros 

were  averaged  in  for  the  other  replicates) 

Results  of  soil  interaction  studies  indicated  that  TEAN  docs  not  decompose 
immediately  when  LP  contacts  the  soil  (see  Chapter  2),  and  N03  appears  to 
remain  unreacted  in  die  soil  (Table  4).  Therefore,  the  assumption  can  be  made 
that  the  gases  produced  arc  primarily  ptoducts  of  HAN  decomposition.  In  a 
worst  case  scenario,  if  all  the  nitrogen  in  1  mole  of  hydroxylaminc  (HA)  were 
converted  to  N02,  1  mole  of  N02  would  be  produced.  Since  100  pL  of  LP 
contains  9.15  x  1CT4  moles  of  HA,  die  same  amount  of  N02  can  be  anticipated 
after  interaction  with  soil.  Therefore,  the  maximum  potential  production  of 
N02  from  100  pL  of  LP  if  only  the  HA  decomposes  to  gases  is  0.421  g,  or 
about  30  mL  at  20  UC  and  standard  pressure.  (This  amount  greatly  exceeds  the 
total  gas  observed  in  the  present  studies.)  Therefore,  in  a  worse  case  scenario. 
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Figure  6.  Standard  curve  relating  FTIR  peak  height  for  N20  and  N0Z  and 
nrjQjge  h/  in'6\  nf  c{anr|arjj  in  {he  FTIR  Cell. 


a  spill  of  100  L  of  LP  could  generate  a  maximum  of  30,000  L,  of  N02  at 
20  °C.  However,  based  on  the  FTIR  limit  of  detection  for  N02,  no  more  than 
2.48  L  of  N02  (at  20  °C)  would  result  from  a  spill  of  100  L  of  LP. 


Conclusions 

The  16  test  soils  exhibited  a  wide  range  in  properties  and  were  considered 
suitable  for  assessing  LP  interactions  with  soils.  Initial  contact  with  soils  did 
not  result  in  a  violent  decomposition  of  LP,  but  visible  bubbling  and  foaming 
were  observed  immediately  in  some  soils.  The  volume  of  total  gases  produced 
when  LP  contacted  soils  varied  from  soil  to  soil  and  increased  with  tempera¬ 
ture.  The  only  gases  detected  were  02,  N2,  C02,  and,  in  several  soils  at  60  °C 
only,  N20.  No  CO,  N02,  or  NO  were  detected. 

Potential  hazards  resulting  from  gas  production  when  LP  is  spilled  onto 
soils  are  limited  to  elevations  in  oxygen  levels.  Failure  to  detect  the  more, 
noxious  gases,  N02  and  NO,  suggest  low  toxic  gas  hazard.  However,  GLC 
analysis  of  confined  contact  tests  did  not  account  for  the  total  volume  of  gases 
produced.  Quantitative  delineation  of  all  gases  produced  will  require  a  special 
ized  additional  study.  In  a  spill  onto  soil  in  a  confined  space,  small  quantities 
of  toxic  gases  may  be  important. 
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Liquid  propellant  contact  with  soils  in  a  spill  will  result  in  a  dramatic 
increase  in  N0j/N02-N  and  a  decrease  in  soil  pH.  Final  soil  pH  after  LP 
contact  varied  with  soil  type,  ranging  from  1.5  to  4.4.  The  soils  exhibited  very 
poor  buffering  capacity  for  LP.  High  N03  and  low  pH  in  soils  following  a 
spill  have  important  implications  for  spill  response  and  environmental  hazard. 
Appropriate  precautions  for  handling  acidic  materials  of  pH  less  than  4  should 
be  taken.  Local  soil  conditions,  hydrology,  and  terrain  should  be  considered  to 
determine  the  potential  for  surface  or  groundwater  contamination  by  N03. 
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2  Soil  Sorption1 


Introduction 

Background 

Adsorption  and  desorption  processes  potentially  exert  a  controlling 
influence  upon  movement  of  contaminants  through  unsaturated  (vadose)  and 
saturated  (aquifer)  toils  (Freeze  and  Cherry  1979;  Thibodeaux  1979;  Curtis, 
Roberts,  and  Reinhart  1986;  Brusseau  and  Rao  1989;  Mercer,  Skipp,  and 
Giffin  1990;  Travis  and  Doty  1990).  Partitioning  of  contaminants  between  soil 
solids  and  pore  water  is  termed  interphase  transfer.  Interphasc  transfer  of 
contaminant  into  the  soil  solids  phase  is  termed  adsorption ,  whereas  movement 
of  the  contaminant  from  the  solid  into  the  aqueous  phase  is  referred  to  as 
desorption.  Slow  rates  of  desorption  can  greatly  limit  leaching  rates  and  avail¬ 
ability  of  the  contaminant  for  absorption  by  plants  and  animals  and  for  degra¬ 
dation  by  soil  microflora.  Rapid  rates  of  desorption  can  speed  contaminants 
through  the  soil  to  groundwater  and  render  the  contaminant  readily  available  to 
plants,  animals,  and  the  soil  microflora. 

Batch  partitioning  tests  in  which  the  contaminant  is  allowed  to  equilibrate 
between  soil  and  water  phases  under  carefully  controlled  conditions  are  useful 
in  describing  interphase  transfer.  Results  of  these  tests  can  also  be  used  to 
identify  soil  properties  exerting  die  greatest  influence  on  retention  and  release 
of  the  contaminant  by  soils  and,  ultimately,  allow  development  of  predictive 
equations  based  on  correlation  of  soil  properties  and  partitioning  coefficients 
Field  transport  processes  such  as  convective  flow  must  be  simulated  in  column 
tests  (see  Chapter  3). 


Objectives 

Objectives  of  the  study  were  the  following;  (a)  to  determine  the  rate  of 
adsorption  of  HAN  and  TEAN  when  soils  are  contacted  with  LP,  and  (b)  to 
identify  soil  properties  controlling  adsorption. 


1  By  Judith  C.  Bennington  and  Cynthia  B.  Ihice,  U.S.  Aimy  Engineer  Water  ays  Experiment 

Station. 
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Materials  and  Methods 


‘  Preliminary  tests 

Batch  tests  were  conducted  by  shaking  soil,  water,  and  the  compound  of 
interest  until  a  steady-stale  distribution  between  phases  was  achieved.  Several 
preliminary  tests  were  necessary  to  develop  the  best  operational  conditioas  for 
conduc  ing  the  batch  tests.  Preliminary  tests  included  the  following. 


a.  Contact  screening.  Identification  of  LP  interactions  with  soils  that  may 
generate  hazards  in  the  confined  test  system. 

b.  Tolerance  to  centrifugation.  The  centrifugation  time  and  speed 
necessary  for  removing  particles  greater  than  0.5 -pm  diameter  from  the 
solution  phase  while  maintaining  die  integrity  (safety)  of  the  LP. 

c.  Biodegradability.  The  significance  of  microbial  growth  during  the  test 
period. 


d.  Ratio  test.  The  rauo  of  soil  to  LP  that  would  assure  a  measurable 
solution  phase  concentration  of  analyte. 


.  \dsorption  kinetics.  The  time  needed  to  attain  an  equilibrium 
non  between  solid  and  aqueous  phases. 


distribu- 


Co  1  ict  screening.  The  contact  screening  test  was  originally  envisioned  to 
provide  qualitative  indication  of  the  vigor  of  reaction  of  LP  with  soil  so  that 
the  she  v  partitioning  tests  could  be  designed  for  safety.  Since  gas  production 
is  an  ir  irtant  fate  process  for  LP  in  soils,  more  quantitative  tests  were  also 
conduct  .  Descriptions  of  both  qualitative  and  quantitative  tests  are  presented 
in  Chap  •  r  1. 


Toler  ince  to  centrifugation  The  solution  phase  was  centrifuged  after  all 
visible  re  iction  between  the  LP  and  the  soil  had  dissipated.  Centrifugation 
times  at  \  arious  speeds  were  calculated  from  the  following  cquatioo  (CPA 
1991): 


ic  -  1.41  y  10-  [iogRfRf/N2] 


where 

tr  -  centrifuge  tore,  minutes 

R2  -  distance  from  centrifuge  spindle  to  deposition  surface  of  centrifuge 

tube 


2b 


G'lau'or  2  Sui!  Sorplion 


R,  =  distance  from  spindle  to  surface  of  sample 

N  =  number  of  revolutions  of  centrifuge  per  minute  (rpm) 

Values  of  N  tested  were  5,000,  6,000,  and  1 1,000  rpm  which  arc  equivalent  to 
2,000,  2,800,  and  9,400  relative  centrifugal  force  (RCF).  Tests  were  conducted 
consecutively  from  5,000  to  11,0*00  so  that  ,he  sealed  centrifuge  tubes  could  be 
examined  for  breakage  after  t  csts  at  each  speed. 

BiodegradabP.ity.  Tests  were  conducted  to  measure  the  change  in  micro¬ 
bial  numbers  after  5  days  under  typical  test  conditions.  Test  results  were  used 
to  determine  the  necessity  for  inhuming  microbial  growth  in  subsequent  tests. 
Five  grams  (ODW)  of  soil  <  Yuma  >  and  Picatinny  A)  were  placed  in  test 
flasks  and  left  either  unaetoclaveo  o?  autoclaved  a*  121  °C  and  15  lb  of  pres¬ 
sure  for  15  min.  Undiluted  LP  (20  mi >  was  Mr.-cd  to  each  test.  Tests  were 
replicated  three  times  AJ1  flasks  were  placed  on  a  rotating  shaker  (200  rpm). 
After  5  days,  die  soluuon  phase  was  cultured  for  microbial  activity  (see 
Chapter  4),  and  a  subsamplc  was  analyzed  Co.  HAN  and  THAN. 

Ratio  test.  A  ratio  test  was  performed  to  determine  the  ratio  of  soil  to  LP 
that  would  result  in  solution  phase  cnncerv.ruiions  sufficiently  high  for  accurate 
quantifications.  The  ratios  tested  were  1:3,  1:4,  i :5,  and  1:6  soil  to  LP.  Tests 
were  perfonr-ed  with  Yuma  2A  and  Pica  tinny  A  soil.;  and  1 ,000  ppm  LP. 
Twenty  milliliters  of  diluted  LP  was  added  tc  a  50  mL  Eilcnmcyer  Has'-  with 
sufficient  soil  (ODW;  to  produce  die  desired  lanos.  Tluec  rcp-icates  of  each 
soil/LP  ratio  were  placed  on  a  rotating  shaker  for  48  hr,  centrifuged  at 
11,000  rpm  (9,400  RCF)  for  15  min,  and  the  solution  phase  was  analyzed  for 
HAN  and  TEAN  by  ion  chromatography  (Appendix  A). 

Adsorption  kinetics.  To  detenu ine  the  time  required  to  establish  a  steady 
slate  of  distribution  between  soil  and  LP  components,  three  adsoq  fion  kinetics 
tests  were  conlucted  using  Yuma  2 A  and  Picatirmy  A  soils.  The  tests  differed 
in  the  concentration  of  LP  used.  Concentrations  were  (a)  undiluted,  (b)  a 
50-percent  dilution  of  LP,  and  (c)  LOCK!  ppnr  LP.  Tests  were  conducted  by 
equilibrating  5  g  (ODW)  soil  with  20  mL  of  L.P  or  LP  solution  on  a  rotating 
shaker  at  200  rpm  in  three  replicates  for  0.5,  i,  2,  0,  24,  48,  and  120  hr.  For 
1,000-ppm  tests,  die  first  twe  sampling  times  (0.5  and  1  hr)  were  dropped,  and 
a  72-hr  sample  was  added.  Three  replicates  of  undiluted  and  of  dii  ted  LP 
without  soil  (controls)  were  analyzed  at  each  sampling  lime  to  assess  the 
stability  of  in;.  L.P  components  under  the  shaking  conditions  oi  the  test.  Tor 
the  1,000-ppm  tcsl,  only  one  "no  soil"  control  was  vested  with  each  “soil”  test. 
Concentre  ions  of  11  AN  and  THAN  in  undiluted  LP  were  determined  to 
prervidc  time  zero  data  for  the  controls. 


Adsorption  Isotherms 

Adsorption  isotherms  were  detenninu.1.  for  each  o!  the  10  soils.  Li’  was 
partitioned  between  aqueous  and  soil  phases  in  die  same  test  system  described 
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above  for  adsorption  kinetics.  Five  concentrations  of  LP  were  tested:  100, 
500,  1,000,  1,500,  and  2,000  ppm.  Soil  to  solution  ratio  was  1:4,  and  the 
equilibration  time  was  48  hr.  Three  replicates  for  each  soil/LP  concentration 
were  tested.  The  aqueous  phase  was  analyzed  for  HAN  and  THAN.  The  soil 
phase  was  analyzed  for  HAN  and  THAN  in  two  soils  only,  Yuma  2 A  and 
Picatirtny  A.  Soil  phase  concentrations  for  all  other  soils  were  calculated  by 
difference  from  aqueous  phase  concentrations.  Isotherm  data  were  fit  to  one 
linear  and  two  nonlinear  models  (the  Langmuir  Isotherm  Model  and  the 
Frcundlich  Isotherm  Model)  that  are  commonly  used  to  relate  solid  and  aque¬ 
ous  phase  contaminant  concentrations  in  soils.  Equations  for  each  model  are 
presented  below  (Weber  1972). 


Linear 

(3) 

Langmuir 

q  =  QbCl(J+bC) 

(4) 

Frcundlich 

q  =  Kf“* 

(5) 

where 


q  =  solid  phase  concentration  of  TEAN  (mg/kg) 

Kd  and  Kf  -  adsorption  coefficients  for  the  linear  (L/kg)  and  Frcundlich 
[mgtn  ivr.  x  L1/n/kg]  equations,  respectively 

C  =  equilibrium  solution  concentration  of  TEAN  (mg/L) 

Q  -  monolayer  sorption  capacity  (mg/kg) 

b  =  Langmuir  constant  related  to  entropy  (L/mg) 

n'  =  Frcundlich  characteristic  constant 

Parameters  for  the  two  nonlinear  models  were  determined  by  fitting  the  experi¬ 
mental  data  to  the  linearized  forms  of  the  Langmuir  and  Frcundlich  models  as 
given  below  (Equations  6  and  7,  respectively)  (Voice  and  Weber  1983). 

Jlq  =  (HQ)  +  (JlbQ)(llC)  (6) 

inq  =  InK,  +  (llri)lnC  (7) 

The  coefficients  of  determination,  R  Square,  of  the  linear  regression  f  or  each 
model  were  compared  to  determine  which  model  best  fit  the  isothenn  data. 

The  Kd  values  were  correlated  with  13  soil  properties  using  the  Pearson 
Product-Moment  Correlation.  This  correlation  test  measures  the  degree  ol 
association  between  two  variables  without  assigning  independence  to  any  vari¬ 
able.  The  correlation  coefficient,  r,  is  defined  by  the  following  equation: 
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where 


I (X-X)(Y-Y) 

I(X -X)7I(>~ 


(8) 


r  =  Pearson  Product-Moment  Correlation  Coefficient 
X  =  variable  1 
X  -  mean  of  variable  1 
Y  -  variable  2 
?  =  mean  of  variable  2 

The  square  of  the  correlation  coefficient,  R  Square,  is  an  indica‘or  of  linearity 
between  the  two  variables.  If  the  R  Square  is  equal  to  1,  the  straight  line 
describes  the  relationship  between  the  variables  perfectly. 

A  predictive  equation  was  generated  using  the  results  of  the  conelation 
analysis.  The  equation  was  generated  by  regressing  Kd  with  the  soil  properties 
exhibiting  high  correlation  (R  Square  >  0.5).  All  properties  making  an  insig¬ 
nificant  contribution  to  the  prediction  were  eliminated. 


Results 

Preliminary  tests 

Contact  screening.  Results  of  the  contact  screening  tests  (presented  in 
Chapter  lj  indicated  a  need  for  an  open  flask  rather  than  the  standard  scaled 
tube  shake  test.  Therefore,  all  subsequent  tests  were  performed  in  50-mL 
erlcnmeycr  flasks  with  puff  plug  stoppers  to  allow  escape  of  any  pressure 
generated  by  release  of  gases  from  the  tests,  All  tests  were  conducted  on  a 
rotating  shaker  under  a  fume  hood. 

Centrifugation.  No  breakage  of  centrifuge  tubes  was  observed  at  any  cen¬ 
trifugation  speed.  Therefore,  centrifugation  was  considered  to  be  a  safe  proce¬ 
dure  for  separating  aqueous  and  solid  phases  in  subsequent  tests.  A  speed  of 
1 1,000  rpm  for  15  min  was  selected. 

Biodegradability.  No  colonics  were  detected  in  either  autoclaved  or 
unautoclaved  tests  at  5  days.  Concentrations  of  HAN  and  THAN  in  abiotic 
and  biotic  tests  did  not  differ  significantly  (T  >  0.05).  Tlicrelore,  no  effort  was 
made  to  control  microbial  growth  in  subsequent  tests. 

Ratios  test.  TfiAN  concentrations  in  die  aqueous  phase  ol  both  Yuma  2A 
and  Ricaiiruiy  A  tests  were  measurable.  HAN  concentrations  were  not 
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measurable  in  the  Picatinny  A  tests  at  any  ratio  and  were  measurable  in  the 
Yuma  2A  tests  at  1 :5  and  1 :6  ratios  only.  Detection  of  HAN  in  the  1 :5  and 
1:6  ratios  indicates  the  presence  in  the  aqueous  phase  of  either  unreacted  or 
unadsorbed  HAN.  Since  active  bubbling  and  frothing  of  the  soil  were  visible 
in  these  tests,  the  reason  for  the  lack  of  HAN  in  the  aqueous  phase  was 
assumed  to  be  due  to  HAN  reactions  with  the  soii  rather  than  to  sorption. 
Results  of  subsequent  sorption  isotherms  in  which  the  soil  phase  was  also 
analyzed  for  HAN  and  TEAN  showed  no  detectable  HAN  in  Yuma  2 A  and 
Picatinny  A  soils  with  up  to  2,000  ppm  LP.  Since  concentrations  of  THAN 
were  measurable  at  any  of  the  tested  ratios  and  HAN  sorption  was  precluded 
by  reactions  with  the  soil,  the  1:4  soil  to  LP  ratio  was  selected  for  subsequent 
testing. 


Adsorption  kinetics.  Results  indicated  very  limited  adsorption  of  either 
HAN  or  THAN  by  the  two  test  soils  at  any  of  the  tested  LP  concentrations 
(Figures  7  and  8).  Even  though  HAN  reacted  visibly  with  the  soils  when 
tested  with  undiluted  or  50 -percent  diluted  LP,  concentrations  in  the  aqueous 
phase  remained  only  slightly  dtanged  from  time  zero  values  (Table  12).  This 
is  presumably  due  to  the  large  excess  of  LP  which  left  large  quantities  of 
unreacted  HAN  in  solution.  In  the  1,000-ppm  test,  HAN  concentrations  fell  to 
zero  in  24  hr  m  the  Picatinny  A  soil  and  in  48  hr  in  the  Yuma  2 A  soil 
(Figure  8).  These  results  are  attributed  to  HAN  reaction  with  the  soil  to  pro¬ 
duce  gases.  This  reactivity  precludes  assessment  of  the  sorption  capacity  of 
soils  for  1 1 AN.  In  subsequent  tests  in  which  the  soil  was  analyzed,  no  HAN 
was  detected.  Concentrations  of  THAN  varied  little  in  either  soil  at  any  con¬ 
centration  indicating  limited  reactivity  and  sorption. 


In  undiluted  LP  tests,  the  concentration  of  HAN  in  controls  containing  no 
soil  were  fairly  stable  (Figure  7).  Tire  concentration  ol  THAN  in  controls  con¬ 
taining  no  soil  remained  stable  with  diluted  and  undiluted  LP,  except  in  the  set 
run  with  Picatinny  soil  tests  in  which  THAN  concentration  increased.  This 
increase  may  be  due  to  loss  of  water  by  evaporation.  The  variability  in  the 
1,000-ppm  control  was  higher  than  in  tests  (Figure  8).  This  is  likely  due  to 
the  fact  that  one  of  the  two  replicate  controls  was  run  with  each  soil  test  at 
slightly  different  times.  The  concentration  of  HAN  in  the  control  decreased 
slightly  during  the  test,  but  the  difference  was  not  significant. 


Adsorption  Isotherms 

Model  parameters  and  statistical  information  for  batch  adsorption  of  TEA N 
onto  test  soils  arc  presented  in  Table  13.  Isotherms  models  (solid  lines)  arc 
plotted  with  a  scatter  plot  of  the  data  (closed  dots)  for  four  of  the  soils  which 
are  representative  of  other  isotherms  (Figure  9).  Concentrations  of  HAN  and 
TEAN  in  soil  as  well  as  solution  phases  were  obtained  for  Picatinny  A  and 
Yuma  2A  isotherms  (Tabic  14).  The  soil  concentrations  are  plotted  in  Fig¬ 
ure  9  for  these  two  soils,  whereas  all  ollici  soil  values  were  determined  by 
diflcrcncc  from  solution  phase  analyses. 
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Figure  7.  Adsorplion  kinetics  of  HAN  and  TEAN  from  undiluted  and  diluted  LP  on  Picatinny  A 
and  Yuma  2A  soils.  Each  datum  point  represents  the  mean  of  three  replicates. 
Vertical  bars  are  standard  errors  of  the  mean 
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Table  12 

Concentrations  of  HAN  and  TEAN  In  Undiluted  LP,  a  50-Percent 
Dilution  of  UP  and  1,000  ppm  LP  ±  One  Standard  Deviation  Unit 

Dilution 

HAN  Concentration  (ppm) 

TEAN  Concentration  (ppm) 

Undiluted' 

996,000  ±  30,000 

312,000  +  19,800 

50  %  Dilution2 

498,000 

156,000 

1 ,000  ppm2 

996 

312 

1  Values  determined  in  three  replicate  analyses  by  ion  chromatography 

j  Values  determined  by  calculation  from  undiluted  values. 

Table  13 

Linear  Regression  Parameters  for  TEAN  Adsorption  Date  with 

Three  Models 

Soli 

Langmuir 

Preundllch 

Linear 

Fl  Squaro’ 

O 

b 

R  Square 

n' 

R  Square 

Picatinny  A 

r  - 

0.989 

623 

0.012 

0915 

151 

1.5 

086 

1  3 

Picatinny  8 

0893 

-333 

-O  021 

0  462 

— 

32  2 

1  3 

a  i"i 

L/.  IO 

o  r» 

Yuma  1A 

0  999 

•981 

-19 

0995 

1.39 

089 

090 

2.8 

Yuma  IB 

0.999 

-548 

-0.0024 

0992 

0.923 

0  86 

C  97 

2.0 

Yuma  2A 

1  000 

1,272 

0.0018 

0999 

2.70 

1.03 

1  0 

1.7 

Yuma  2B 

0.970 

664 

0.039 

0.798 

626 

2.4 

0  70 

1.7 

Yokena 

0.999 

1,977 

0019 

1.00 

39  3 

1.2 

1.0 

20.1 

WhS  Reference 

0.980 

500 

0  069 

0.996 

44.2 

2.0 

0.94 

2.6 

BRL-SAS  A 

0.995 

250 

0  010 

0  943 

6.30 

1.6 

0  67 

0  48 

BRL-SAS  B 

0787 

250 

0  066 

0  756 

24  9 

2.0 

069 

1.5 

BRL-MAR  A 

0989 

554 

0  022 

0  760 

34  36 

20 

0.18 

0  63 

BRL-MAR  B 

0.976 

549 

0  018 

0.973 

14  79 

1  4 

095 

2  8 

China  Lake  A 

0.957 

-111 

0  0076 

0  923 

0  411 

0.69 

0.95 

3  1 

China  Lake  B 

0999 

877 

0.0026 

0  992 

770 

1.2 

OX 

1.5 

Socorro  P 

0.999 

3,654 

0.0016 

Q.9S3 

5.20 

0  9b 

..  —  _ 

0.97 

C  9 

Socorro  S 

0.996 

-945 

-0  0035 

o  9  ;xi 

2.96 

0.92 

0  99 

4  4 

'  R  square  =  square  of  correlations  coefficient,  Q  -  monolayer  septan  capacity  ;  b  =  Langmu,r 
constant  reiatod  to  entropy  (L/mg).  K,  adso/ptap  coefficient:,  lor  Freundlich  equation  [mg"  ,y"  > 
L,Vl/kg],  n'  =  Freundlich  charactoustic  constant.  K„  =  adsorption  coefficient  for  ln>.mt 
(LTKg)  equation. 
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Figure  9.  Adsorption  isotherms  of  TEAN  in  four  soils:  Yuma  2A,  Yokena,  WES  Reference, 

and  Picatinny  A.  Isotherms  models  (solid  lines)  are  plotted  with  a  scatter  plot  of  the 
data  (closed  dots).  These  isotherms  are  somewhat  representative  of  isotherms  for 
other  soil.  Each  datum  point  represents  the  mean  of  three  replicates.  Soil  concen¬ 
trations  were  determined  by  difference  from  solution  phase  concentrations  except 
for  Picatinny  A  and  Yuma  2A  soils  for  which  the  soil  phase  as  well  as  solution 
phase  was  analyzed 


Adsorption  isotherms  of  TEAN  fit  the  Langmuir  model  better  than  the  other 
models  except  for  Yokena  and  WES  Reference  soil,  for  which  the  three 
models  differed  very  little.  Only  two  soils  exhibited  an  R  Square  less  than  0.9 
wi*h  the  Langmuir  model.  Both  of  those,  Picatinny  B  (0.89)  and  BRL-SAS  B 
(0.79),  were  nonetheless  good  fits.  Eleven  of  the  sixteen  soils  were  also  fit  by 
the  FreundJich  model  and  ten  by  the  linear  model.  The  consistency  between 
models  occurs  because  the  amount  of  TEAN  sorbed  by  soils  is  directly  propor¬ 
tional  to  the  concentration  in  solution.  This  results  in  small  n  and  b  values 
(near  1)  for  die  Frcundiich  and  Langmuir  models,  respectively.  Partition  coef¬ 
ficients  (KjS)  for  TEAN  from  the  linear  model  were  relatively  low,  ranging 


34 


Chapter  2  fioil  Sorption 


Table  14 

Concentrations  and  Standard  Errors  of  HAN  and  TEAN 
(ppm)  In  Soli  and  Water  Phases  of  Adsorption  Isotherms  for 
Plcatlnny  A  and  Yuma  2A  Soils 

■'  ■  - 

Soli 

Phase 

LP  Concentration  (ppm) 

HAN 

SE 

TEAN 

SE 

Picatinny  A 

Water 

100 

<1’ 

<1 

10.50 

0.41 

500 

<1 

<1 

477 

1.7 

1,000 

<1 

<1 

73  7 

0  72 

1,500 

168 

18 

152 

8  3 

2,000 

288 

12 

238 

6.2 

Soil 

100 

<5 

<5 

8.33 

0  72 

500 

<5 

<5 

66.3 

26 

1,000 

<5 

<5 

2050 

12 

1,500 

<5 

<5 

346 

12 

2,000 

<5 

<5 

356 

8  8 

Yuma  2A 

Water 

100 

<1 

<i 

7.33 

0  27 

500 

<1 

<i 

52.7 

0  98 

1,000 

<1 

<i 

78.7 

0  72 

1,500 

267 

<i 

190 

0  54 

2,000 

77.0 

22 

278 

6.6 

Soil 

100 

<5 

2.3 

23  7 

072 

500 

<5 

<5 

93  5 

2.02 

1.000 

<5 

<5 

1 5i 

4.5 

1,500 

<5 

<5 

283 

1.5 

2,000 

<5 

<5 

402  7 

23 

- 1 

Values  represent  means  ot  throe  replicates  Aqueous  phase  detection  limits  wore 

1  ppm.  soil  phase  detection  limits  were  5  ppm 

from  0.48  to  20.1  with  a  mean  lor  all  soils  of  3.5  ±  1.2.  Low  partition  coeffi¬ 
cients  indicate  limited  aasorption  of  TEAN.  When  a  compound  fails  to  adsorb 
to  the  soil  and  remains  in  the  water,  the  compound  is  free  to  migiatc  through 
the  soil  to  the  groundwater.  The  low  K ^  mean  that  soil  adsorption  will  not 
prevent  TEAN  from  becoming  diluted  by  rainfall  events  or  applications  of 
water  to  spills  and,  subsequently,  being  washed  through  the  soil.  However, 
these  events  are  governed  by  the  flow  dynamics  of  each  soil  which  cannot  be 
extrapolated  from  the  batch  partitioning  results  presented  here.  The  fate  of 
TEAN  in  the  soil  profile  under  various  hydrodynamic  regimes  is  the  subject  of 
the  column  studies  (sec  Chapter  3). 
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Calculated  partition  coefficients  for  several  important  environmental  con¬ 
taminants  have  been  derived  from  log  octanol-water  partition  coefficient  (log 
EPA/USACE  (1991))  for  China  Lake  A,  Picatinny  A,  and  Socorro  P  soils 
(Table  15).  Calculations  were  based  upon  the  relationship  among  Kd,  K and 
the  fraction  of  organic  carbon  (fOC)  in  the  soils  (DiToro  ct  al.  1991).  The  Kd 
values  were  derived  by  multiplying  fraction  of  organic  carbon  in  each  soil  by 
Kow  of  each  contaminant  of  interest.  These  values  are  presented  for  compari¬ 
son  with  the  empirically  determined  Kd  of  TEAN  in  the  same  soils.  Partition 
coefficients  of  TEAN  are  in  the  range  of  other  relatively  low  molecular  weight 
organic  contaminants. 


Table  15 

Adsorption  Coefficients  of  Some  Important  Environmental 
Contaminants  and  TEAN 

Contaminant 

Octanol/Water 
Partition  Coefficient' 
l°8 

K? 

China  Lake  A 

Picatinny  A 

Socorro  P 

PCB  1260 

6.9 

1  398  x  105 

8  688  x  10‘ 

9  310  x  105 

2,  3,  7.  8-TCDD  (dioxin) 

6.1 

2.215  x  104 

1  377  x  10' 

1  475  x  105 

4,  4 -DDT 

5.7 

155 

5.481  x  10' 

5  074  x  104 

1.1,  1-Tridi|nroe?hane 

2,5 

5566 

•345.86 

370 

Trichloroethene 

24 

4421 

274  73 

29.44 

Toluene 

22 

2.789 

173.34 

18  57 

Nitrobenzene 

1.9 

1  398 

86  88 

9.31 

Dichtoromethane 

1.3 

0.351 

21  82 

234 

Bromomethane 

1.0 

0  176 

10.94 

1.17 

N-Nitrosodimethylamine 

0.6 

3.98 

0  070 

4  34 

TEAN 

- 

3.1 

1  3 

6.9 

'  Data  compiled  in  EPA/USACE  (1991) 

2  Values  denved  by  multiplying  fraction  of  organic  carbon  in  each  soil  by  (DiToro  ot  al  1991), 

except  for  TEAN  where  values  are  empincal 

The  Pearson  Product-Moment  Correlation  of  TEAN  sorption  coefficients 
(Kjs)  and  soil  propeilies  resulted  in  strongest  correlations  with  percent  clay  and 
CEC  (Table  16).  These  results  suggest  several  possible  mechanisms  of  TEAN 
sorption  in  soils.  TEAN  very  likely  exists  in  the  soil  as  protonaied  TEA,  a 
cationic  form.  Adsorption  of  cations  occurs  through  exchange  of  functional 
groups  such  as  -COOH  and  phenolic-OH  in  the  organic  matter,  or  by  displace¬ 
ment  of  inorganic  cations  such  as  Fe  or  Al  from  clay  surfaces  (Khan  1980). 
The  presence  of  three  hydroxyl  groups  and  an  amine  also  make  TEA  suscep¬ 
tible  to  hydrogen  bonding  with  the  abundant  similar  functional  groups  in  soil 
organic  matter. 
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Table  16 

Pearson  Product-Moment  Correlation  CoeffL 

ients  for  Correlation 

of  TEAN  Sorption  Coefficients  {K^s)  with  16  Sod  Properties  li 

Soli  Properly' 

Correlation  Coefficient 

Probability 

Percent  clay 

0.872 

<0.CO' 

Cation  exchange  capacity 

0.871 

<0.001 

Oxalate  extractable  iron 

0.692 

0.009 

'  Only  soil  properties  for  which  probabilities  of  no  significant  correlation  wet.’  less  than  0.05  are 

presented  Probabilities  greater  than  0.05  indicate  no  significant  relationship  between  the  Kd  and 

tire  soil  property. 

Partition  coefficients  (Kjs)  for  TEAN  can  be  predicted  from  percent  clay  in 
soils  using  the  following  relationship: 

Kd  =  -1.019  +  0.354(%CLay)  (9) 

where  %Clay  is  percent  clay.  Other  soil  properties  that  exhibited  positive 
correlation  with  Kd  made  insignificant  contributions  to  the  prediction  and  were, 
eliminated  from  the  equation.  The  predictive  equation  is  based  on  Kd  and 
properties  of  thirteen  of  the  test  soils;  three  soils  (Socorro  S,  Yuma  2A.  and 
BRL-SAS  B)  were  withheld  from  the  database  to  serve  as  checks  on  the  pre¬ 
dictive  equation.  When  percent  clay  for  these  soils  is  substituted  into 
Equation  9,  the  predicted  values  shown  below  can  be  compared  with  the 
empirical  values: 


Soil 

Predicted  Krf 

Empirical  FL 

Socorro  S 

8.7 

4.4 

Yuma  2A 

0.75 

1.7 

BRL-MAR  B 

3.9 

2.8 

The  predicted 

and  actual  values  agree  within 

a  factor  of  approximately  : 

Solution  phase  concentrations  of  HAN  in  isotherm  tests  showed  reaclion 
and  dissipation  of  the  HAN  until  the  reactive  soil  componcnt(s)  was  depleted 
in  the  sample  and  unrcacted  HAN  accumulated  in  the  solution  phase  of  the  test 
(Table  17).  Results  demonstrate  that  the  soils  vary  widely  in  reactivity  with 
HAN.  China  Lake,  which  was  high  in  sand,  showed  the  least  reactivity. 
Socorro  P  and  BRL-SAS  B  showed  the  gicatcsl  reactivity.  Results  of  analysis 
for  HAN  in  Picatinny  A  and  Yuma  2A  soils  indicated  no  HAN  at  any  LP  con¬ 
centration;  all  of  die  unrcacted  HAN  was  present  in  the  solution,  not  the  soil, 
phase.  Therefore,  HAN  had  not  partitioned  into  the  soils. 
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Table  17 

Concenbatlon  of  HAN  +  Standard  Error  (ppm)  In  Aqueous  Phase 
of  Sorption  Isotherm  Tests 

{sail 

100 

500 

1,000 

1,500 

2,000  j 

Unreacted  HAN 

60.8 

306 

613 

920 

1  226 

Picatinny  A 

<1 

<' 

<1 

<1 

77  ±4.0 

Picatinny  B 

<1 

<1 

7.0  i  1.5 

18  0  +  0.56 

212  ±24 

Yuma  1A 

<1 

150  i-  0.50 

386  ±  26 

568  ±  57 

676  i  77 

Yuma  iB 

<i 

67.0  ±  2.6 

277  ±  4.4 

527  ±8.2 

910  ±36 

Yuma  2A 

<1 

<1 

<1 

168  ±  22 

288  ±  14 

Yuma  2B 

cl 

97  ±  10 

394  ±  15 

754  ±  14 

Yokena 

<1 

<1 

<1 

6.33  ±  0.33 

49  ±  0.58 

Wee  Reference 

<1 

cl 

20  i-  0  53 

154  ±68 

341  ±  8.3 

BRL-SAS  A 

cl 

<1 

36  ±  4  4 

232  ±  9  5 

511  ±  49 

BRL-SAS  B 

<1 

<1 

<1 

<1 

<1 

BRL-MAP  A 

<1 

42  t  1.5 

130  ±2.6 

441  ±  4  9 

790  ±  fc  3 

BRL-MAR  B 

cl 

0  ±  5  4 

"  ' 

101  ±  16 

337  1  14 

223  ±  6  5 

r 

China  Lake  A 

20  7  ±  2  8 

261  r!  23 

532  t  3.3 

843  ±  9.6 

1.212  ±51 

China  Lake  B 

<.  1 

<1 

7.0  ±1.6 

18  0  ±0.60 

212  ±24 

Socorro  P 

cl 

<1 

<1 

<1 

<1 

Socorro  S 

<1 

<1 

50.67  ±  14 

205.0  ±  36 

452  ±  15 

Results  of  Pearson  Product-Moment  Correlation  of  HAN  concentration  in 
the  solution  phase  of  the  2,000-ppm  LP  isotherm  test  yielded  no  strong  corre¬ 
lations  (Table  18).  Reactivity  of  HAN  with  soils  correlated  best  with  TOC, 
TKN,  oxalate  extractab'c  Fc,  and  percent  silt.  Lack  oi  stronger  correlation 
with  metals  was  surprising,  since  HAN  is  known  to  be  reactive  with  certain 
metals  (Schmidt  1990,  Hansen  1988,  Backef  1989).  However,  metals  are 
infrequently  present  in  elemental  form  in  soils.  The  Fe,  A!,  and  Mn  extracted 
fiom  the  soil  with  the  oxalate  procedure  consist  of  metals  in  organic  com¬ 
plexes  or  noncrystalline  hydiuus  oxides.  The  total  Fc  procedure  assays  Fc  in 
all  of  its  potential  forms,  which  include  soluble  and  insoluble  forms,  oxidized 
(Fe+3)  or  reduced  (Fe+2)  states,  free  oxides,  complexes,  or  elemental  form. 
Apparently,  HAN  is  not  as  reactive  with  these  various  forms  of  Fe,  AI,  or  Mn 
as  with  elemental  fenns.  The  ositive  correlation  with  percent  sand  is  consis¬ 
tent  with  other  results  that  indicate  limited  reactivity  of  HAN  with  sand,  for 
example,  the  limited  reactivity  of  HAN  with  the  China  Lake  B  soil  as 
indicated  by  solution  phase  concentrations  (Table  17). 
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Table  10 

Pearson  Product-Moment  Correlation  Coefficients  for  Correlation 
of  Concentration  of  HAN  In  Solution  Phase  of  2,000-ppm  LP 
Isotherm  Tests  and  16  Soli  Properties1 


Sol,’  Profxtrty 

Con  elation  Coefficient 

Probability 

Total  Organic  Carbor 

-0.5632 

0  023 

Total  KsScfcihl  Nitrogen 

-0.557 

0025 

Oxalate  Extractable  Iron 

•0.515 

0.040 

r  rrcent  Silt 

-0  499 

0049 

Percent  Sand 

0.592 

0016 

1  - 

'  Only  soil  proparties  for  wl.ich  probabilities  were  less  then  0.05  are  presented  Probabilities 
greater  than  0.05  indicate  no  relationship,  positive  or  negative,  between  the  soil  property  and  the 
solution  phase  cuncentratic-i  of  HAN. 

2  A  negative  correlation  coefficient  indicates  an  inverse  relationship;  that  is,  the  concentration  of 
HAN  i  t  solution  decreases  as  the  soil  property  increases 


Conclusions 

The  two  components  of  LP,  HAN  and  TEAN,  differ  significantly  in  interac¬ 
tion  with  soils.  The  HAN  reacts  with  oxidizable  soil  components  producing 
gases  that  volatilize  from  the  soil.  In  the  sorption  tests,  when  undiluted  or  a 
50-percent  diluted  LP  was  used,  the  amount  of  LP  greatly  exceeded  the  avail¬ 
able  oxidizable  materials  in  the  soil,  so  that  the  concentration  of  HAN  was 
virtually  unchanged  in  the  solution  phase  of  the  test.  However,  when 
1,000-ppm  LP  was  partitioned  into  soils,  the  concentration  of  HAN  dropped  to 
zero  within  24  to  48  hr  as  a  res  alt  of  reaction  with  soil  components.  In  a  field 
setting,  excess  HAN  would  persist  only  until  the  HAN  migrated  into  unreacted 
soil.  Reactivity  as  indicated  by  decreases  in  solution  phase  concentrations  of 
HAN  in  the  2,000-ppm  LP  isotherm  correlated  only  slightly  (R:  =  0.5)  with 
soil  properties.  Properties  exhibiting  significant  correlation  (P  <  0.05)  were 
TOC,  TKN,  oxalate  extractable  Fe,  and  percent  silt.  Results  of  this  study 
revealed  no  evidence  of  significant  soil  adsorption  of  HAN. 

Concentrations  of  TEAN  in  the  solution  phase  of  tests  with  undiluted  and 
diluted  LP  varied  only  slightly  from  initial  values  over  5  days.  Even  when 
1,000-ppm  LP  was  tested,  TEAN  concentrations  were  relatively  stable  over 
time.  These  results  indicate  very  limited  adsorption  of  TEAN  by  the  soils. 

The  Langmuir  Isotherm  Model  best  desciibcd  sorption  of  TEAN  in  most  of  die 
soils,  but  all  three  models  performed  well.  Partition  coefficients  were 
relatively  low.  Mean  Kd  for  all  soils  was  3.1.  Adsorption  correlated  best  with 
percent  clay,  CEC,  oxalate  extractabic  Fc,  I  OC,  oxalate  extractable  Al,  and 
total  Fe.  These  results  arc  consistent  with  ionic  interaction  between  TEAN,  or 
the  cationic  TEA,  with  these  soil  components. 
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Introduction 

Background 

One  of  the  broad  objectives  of  the  icsearch  conducted  in  support  of  a  spill 
response  plan  for  LP  was  to  determine  how  fast  LP  runs  off  soils  while  it 
infiltrates  into  the  ground  and  begins  its  decomposition  process.  Little  infor¬ 
mation  is  available  about  v.liat  happens  in  different  time  periods  (minutes, 
liuuei,  days,  and  months)  after  a  spin.  Lr  can  flow  and  puddle  on  the  ground 
surface  (lime  periods  of  seconds  to  hours)  until  it  soaks  into  the  ground  (time 
periods  of  minutes  to  hours),  whore  it  can  continue  to  migrate  (time  periods  of 
days  to  months).  The  volume  of  the  spill  and  me  rate  ot  leakage  he  >p  to 
dehr.e  the  delay  between  discovery  of  a  spill  and  the  cltoice  of  corrective 
actions.  1  he  extent  of  the  zone  of  soil  contamination  depends  upon  the  area 
that  comes  into  contact  v/ilh  the  flowing  LP  and  the  depth  of  soil  that  is 
exposed.  Diking  to  contain  and  redirect  the  spili  flow  is  likely  to  be  the  lust 
intervention.  Shortly  thereafter,  intervention  may  consis'  of  reducing  the  haz¬ 
ards  of  personnel  contacting  the  spilled  liquid  on  the  ground  suiface  by  erect¬ 
ing  barriers  around  the  spill  area,  covciiug  the  contaminated  urea,  applying 
solvents,  01  washing  down  the  giound  surface.  After  the  immediate  threat  of 
l  uman  injury  is  removed,  attention  can  shift  to  environmental  protection. 

The  pH  conditions  that  prevai'  in  a  so.  Tier  an  1  P  spill  are  rehilcd  not 
only  to  the  soil  type  but  al.su  to  the  concentration  of  the  LP  in  the  soil,  as  LP 
is  miscible  with  water.  The  duration  of  a  low  pH  condition  in  a  soil  brought 
about  by  a  spill  may  be  modified  by  chemical  reactions  and  LP  mixing  with 
water.  LP  is  expected  to  migrate  through  the  suil  under  the  impetus  of  its 
weight  and  capillary  forces. 


1  By  Durialu  boi-ii  Adna’-..  Louisiana  Suuc  University:  Tuirm.y  L.  Myers,  U.S.  Anny  Engineer 
V/ut.'wcy;  I  t jKTinicn'  Suiiun. 
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Important  questions  for  which  there  is  insufficient  information  in  the  litera¬ 
ture  include: 

•  How  far  is  spilled  LP  likely  to  flow  across  the  ground  surface  from  a 
spill  site? 

•  How  fast  is  spilled  I..P  likely  to  soak  into  the  ground? 

>  How  quirndy  can  LP  be  washed  from  saturated  soil? 

•  How  does  undiluted  and  diluted  LP  react  with  soils? 

•  Do  HAN  and  TEAN  migrate  through  the  soil  at  the  same  rate,  or  are 
they  subject  to  sorption  and  retardation  on  the  soil? 

«  To  what  extent  car:  knowledge  of  water  runoff  and  infiltration  into  soils 
be  translated  to  describe  runoff  and  infiltration  of  LP? 


Objectives 

Specific  objectives  of  the  study  were  as  follows: 

a.  To  compare  the  runoff  and  infiltration  behavior  of  LP  and  water  on  five 
soils. 

b.  To  describe  the  transport  of  undiluted  KAN  and  TEAN  through  soils 
when  their  migration  rates  arc  increased  by  water  applied  over  a  spill  as 
in  rainfall  events  or  spill  response  dilution  efforts. 

c.  To  simulate  the  transport  of  HAN  and  TEAN  through  soils  after  their 
concentration  has  been  reduced  by  dilution. 


Theory 

Runoff 

Fluid  flow  down  a  slope  may  be  classified  as  either  lamiuai  or  turbulent, 
depending,  on  the  dimensionless  Reynolds  number  NKr,  which  is  defined  as 
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where 


U  -  average  velocity  of  flow,  cm/s 
B  =  depth  of  flow,  cm 
p  =  fluid  density,  g/cm3 
p  =  fluid  viscosity,  g/cm-s 

When  the  Reynolds  number  is  less  than  500,  the  flow  is  laminar.  Laminar 
flow  is  associated  with  shallow  flows  on  gentle  slopes  as  would  be  most 
typical  of  LP  spills.  Turbulent  flow  is  associated  with  deep,  fast  flow,  such  as 
flow  in  a  stream.  Turbulent  flow  could  occur  for  a  large  LP  spill  on  a  steep 
slope,  especially  if  the  flow  were  constrained  so  that  it  took  place  in  a  rut  or  a 
furrow. 

The  equation  for  the  average  LP  velocity  in  laminar  flow  on  a  plane  sur¬ 
face,  U  (cm/s),  is  (Streeter  and  Wylie  1979) 

„  g  pgsinOfi2  (U) 

6p 


where  the  terms  are  as  defned  above,  and 
S  =  acceleration  of  gravity,  cm/s3 
0  =  slope  of  ground  surface,  radians 

T  (s)  is  the  time  required  for  LP  to  flow  a  distance  L'  (cm)  at  a  velocity  U, 
so  Equation  1 1  becomes 

L'  =  fr  Udt  =  PJ  Sin_  fT  B2di  02) 


Since  the  functional  relationship  between  the  depth  of  flow,  B,  and  lime  is 
difficult  to  define,  the  integral  cannot  be  evaluated.  However,  if  B  is  approxi¬ 
mated  by  its  avciage  value,  Bayg,  which  is  easier  to  determine,  Lite  equation  lor 
L'  becomes 


L' 


pg  sinG 

6p 


O' 


03/ 


To  understand  the  effects  of  vegetative  ground  cover  on  the  laminar  flow  of 
LP  in  the  event  of  a  spill,  several  equations  should  be  examined.  Hammer  and 
Kadlec  (1986)  reviewed  water  flow  equal  ons  proposed  for  vegetated  slopes. 
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Most  equations  were  based  on  Manning’s  equation  for  turbulent  flow,  so  they 
arc  not  applicable  to  laminar  LP  flow  through  vegetation  (Streeter  and  Wylie 
1979).  Hammer  and  Kadlec  (1986)  cited  one  empirical  equation  that  fit  creep¬ 
ing  flow  (this  may  have  been  laminar  flow)  in  shallow  wetlands  containing 
vegetation  (water  depth  varied  from  0  to  100  cm)  where  the  distance  travelled 
by  a  parcel  of  water  was  less  than  100  m/day.  The  equation  is 


U  = 


04) 


where 

a  =  hydraulic  friction  law,  Mlp/day 
|3  =  hydraulic  friction  law  exponent 
6,  =  slope  of  water  surface 


They  found  that  p  =  2  or  3  worked  well  for  wetland  water  flow  data  sets;  as  p 
is  similar  to  the  exponent  in  Equation  13,  Equation  14  might  represent  LP  flow 
through  vegetation. 


Adrian  and  Martel  (i9s9)  proposed  an  equation  tiiai  took  into  account 
laminar  flow  through  grass  on  a  slope.  Their  equation  is 


U  =  2P*sin6 

Grip 

wher ' 

G  =  grass  deasity,  stalks  per  unit  area 
r|  *  constant  for  the  equation  Cl:  =  _!L 

Cn  -  drag  coefficient,  dimensionless 


1  - 


N  Gri 


tanh 


N 


A 


(15) 


They  suggested  that  grass  cover  decreased  flic  average  flow  velocity  as  pre¬ 
dicted  by  Equation  1 1  by  factors  of  10  to  20. 

Agricultural  researchers  have  developed  equations  for  flic  movement  of 
irrigation  water  across  a  field,  so  the  equations  may  be  applicable  to  LP  flow. 
The  equations  take  into  account  infiltration  into  the  soil  and  overland  flow. 
However,  the  overland  flow  is  turbulent,  so  it  is  described  by  tire  Manning 
equation  (Yu  1988). 
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The  volume  of  water  losi  to  infiltration  during  irrigation  of  fields  is  de¬ 
scribed  through  the  Kostiakov  equation  (Kostiakov  1932) 


2  =  kx“  +  ri 


06) 


2  -  volume  of  water  infiltrated  per  unit  length 
k  -  constant,  area/ume 
x  ~  time  since,  sun  of  flooding 


a  ~  dimensionless  constant 
c  constant,  areaAime 

A  limitation  of  the  Kostiakov  equation  is  that  it  is  only  applicable  during  the 
period  of  ground  flooding,  so  it  would  not  apply  to  LP  migration  in  soils  after 
the  LP  disappeared  front  the  soil  surface. 

Dimensional  analysis  provides  a  method  of  formulating  dimensionally  cor¬ 
rect  semi-empirical  LP  flow  and  infiitiaiinn  equations  (Bridgman  1931, 

, Streeter  and  Wylie  1979;.  A  volume  of  liquid,  VS  spilled  or.  a  slope  flows  a 
distance  where  it  stops  at  time  7  as  all  of  the  volume  has  infiltrated.  L'  is 
postulated  to  b<  a  function  oi  the  liquid,  soil,  and  other  properties: 

I-1  f  iV,  g,  p.  u.  0,  e,  d,  T)  ^I7 


U'lwi/e  the  new  symbols  and  their  dimensions  are 


k  =  ]  onisiry,  dimensionless 
i!  soil  panicle  si/e,  cm 

'(lies:;  variables  are  leg'.'OujK.d  into  seven  dimensionless  nuinbcis 


/ 


«, 


J 

»/  lr*3  ’  y  1/6 
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(18) 


Tiie  equation  for  LP  rynoft  distance  that  is  consistent  with  the  laminar  flow 
equation,  the  application  time,  toe  surface  tension  effect,  and  the  panicle  site 
effect  is 
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where  the  coefficient  K  and  exponents  A,  B,  and  C  are  determined  from  exper¬ 
imental  results.  For  example,  the  surface  tension  is  expected  to  increase  the 
infiltration  rate  so  that  the  runoff  distance  is  decreased.  Thus,  the  surface 
tension  has  a  negative  exponent.  Similarly,  the  particle  size  is  expected  to  be 
inversely  related  to  the  runoff  distance  so  it  has  a  negative  exponent  Time  is 
now  interpreted  as  the  application  time,  or  the  spill  tirne;  so  mat  it  has  been 
designated  as  t  rather  than  T. 

The  variables  involved  in  describing  infiltration  include  the  distance  the 
wetting  front  is  below  the  ground  surface,  >,,  at  time  r(,  and  many  of  the  vari¬ 
ables  from  Equation  17 


y, 


~f(V,  r,  g,  p,  fi,  o,  n,  d,  0) 


(20) 


where  the  symbols  have  the  same  meaning  as  previously  defined.  The  sub¬ 
scripts  on  the  y,  and  f,  vanables  cat:  be  dropped  when  both  are  recorded  at  the 
same  time,  'lhe  variables  arc  regrouped  into  seven  dimensionless  i, umbcis; 
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'Vvi 


p  hv 


n.  0, 
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(21) 


The  LP  infiltrdiion  distance  is  the  product  of  the  velocity  of  flo/.'  in  tlic  soil 
times  the  elapsed  time.  The  velocity  of  liquid  fiow,  U,  in  soil,  such  as  LP 
velocity,  is  given  by  the  Darcy  equation  (Domenico  and  Schwartz  1990) 

yj  (22) 


where 


K  i-ocffi'-icnt  of  hydraulic  conductivity,  cm/s 
l  -  hydraubc  gradient,  dimensionless 

'lhe  nyusaulic  gradient  for  vertical  How  approaches  1.0  as  die  infiltration  gels 
ceeper.  The  coefficient  of  hydraulic  conductivity,  K,  is  related  to  soil  and 
fiuio  properties  by 
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(23) 


K  = 


U 


where 

m  =  dimensionless  constant 

Large  values  of  the  surface  tension  will  typically  increase  the  infiltration 
rate.  Also,  the  soil  slope  will  be  related  inversely  to  the  infiltration  depth 
since  the  fluid  runs  off  a  steep  slope  faster.  Thus,  the  infiltration  equation 
form  is 


_  y.  =  k 

f  \ 

pJFv 

f  "j 
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(24) 


where  the  coefficient  K  and  the  exponents  A,  B,  and  C  are  determined  from 
experimental  data. 


ExptmSiun  uf  the  soii 

The  unconfined  expansion  of  the  soil  in  contact  with  LP  can  be  defined  as 
the  relative  change  in  volume  of  soil  per  unit  volume  of  soil  (Domenico  and 
Schwartz  1990).  A  column  constrains  the  soil  so  it  can  expand  only  vertically. 
Then  soil  expansivity  is  defined  as 


P, 


A L' 

IT 


(25) 


where 


[3,  =  soil  expansivity,  dimensionless 
K ,  =  bulk  modulus  of  expansion,  dimensionless 
A L'  =  change  of  length  of  soil  column,  cm 
L'  =  original  length  of  the  soil,  cm 


Dispersion,  reaction,  and  sorption 

The  dispersion  coefficient,  firsl-oidcr  reaction  rate  coefficient,  and  retarda¬ 
tion  factor  may  be  calculated  from  one  of  two  models,  depending  upon  which 
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one  is  appropriate  for  the  experimental  conditions.  One  model  is  appropriate 
for  an  instantaneous  injection  of  LP,  while  the  other  is  appropriate  tor  a  step 
increase  in  LP  concentration.  LP  contains  two  constituents,  HAN  and  THAN, 
either  or  both  of  which  can  be  applied  in  the  appropriate  model. 

The  equation  describing  the  el  fluent  concentration  of  LP  injected  into 
column  feed  as  an  instantaneous  mass  source,  is  (Carslaw  and  Jaeger  1963, 
Thomann  and  Mueller  1987) 


C(L\D  = 


(m' 

_ 

4  TV  D  TL ' 
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Rv 

EXP 


L'Rv(\  -  Tf 
T DT 


(26) 


where 


C(L ',7')  -  HAN,  THAN  concentration  at  location  L‘ ,  lime  7,  mg/L 
M  -  HAN,  TEAN  mass  input,  mg 
A  ~  pore  area,  cm2 
D  -  dispersion  coefficient,  cm2/s 

7  ••••  jxire  volume  selutod  (dimensionless  time),  dimensionless 
L'  '  column  length,  cm 

p  .K 

R  -  retardation  coefficient,  dmicnsionlcss,  /?  -  1  + _ L 

n 

pb  «■-  bulk  dcasity,  g/ern1 

Kj  adsorption  distribution  coefficient,  cm  7.3 

k'  --  first  -out :  i'  /  racoon  uvu,  s'1 
v  -  average  poiv  fluid  velocity,  cm/s 


The  rneasuted  concentrations  ol  HAN  versus  pore  volumes  eluted,  7;  'ULAN 
versus  7;  and  chloride  ion  versus  7  a  tv  supplied  to  the  above  equation.  Then  a 
nonlinear  curve- fitting  program,  ,f\ib)eOnve1M  (Ja'ukl  ih.ieniific,  Coric 
Madera,  CA)  is  used  to  estimate  for  the  soil  and  the  flow  conditions  flic  values 
c  ( Uie  HAH,  TEAN,  or  chloride  ion  (Asp-.  rsion  covlAcien;.,  reaction  rate  coeffv 
cient,  and  iei.aiaai.ion  cod. idem.  These  values  represent  the  mixing,  true  do. 
malion  rale,  and  sorptive  properties  of  the  LP  conctiUiems,  or  other  tracer.-.,  as 
they  llo'v  in  soil. 
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When  the  step  increase  in  LP  concentration  is  applied  to  the  influent  of  the 
column,  the  appropriate  equation  for  C(L',T)  becomes  (van  Gcnuchten  and 
Alves  1982): 
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where  terms  which  have  not  been  defined  with  Equation  26  are 
C0  -  HAN,  TEAN  input  concentration,  mg/L 
EXP{*)  -  exponential  function  of  (*) 

V2 

X  =  +  k‘ 

4  D 

ERFCi*)  -  complementary  error  function  of  (*) 

(*)  =  any  function  can  replace  *,  for  example, 
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When  the  retardation  coefficient,  R,  and  the  dimensionless  time,  T, 
measured  in  pore  volumes  are  introduced,  the  equation  becomes: 
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where 


X  * 


v: 

Tdr 


+ 


k' 
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Again,  TableCurve™  can  be  used  to  carry  out  the  nonlinear  fitting  of  the 
experimental  data  to  the  equations  so  as  to  calculate  the  values  of  D,  R,  and  k. 
These  values  represent  the  mixing,  retardation  (sorptive),  and  transformation 
rate  properties,  respectively,  of  the  soil  and  LP  constituents  as  they  flow  in  the 
soil.  The  dispersion  coefficient,  D,  measured  from  any  of  several  chemical 
species,  including  HAN,  TEAN,  and  chloride  ion,  is  expected  to  be  nearly 
identical  for  a  given  soil  and  a  given  flov  velocity.  Each  chemical  species  is 
expected  to  have  its  own  retardation  coefficient,  R,  for  each  soil.  The  transfor¬ 
mation  r  te  constant,  k\  is  expected  to  be  unique  to  each  chemical  species  and 
each  soil.  Transfonnation  rate  constants  art  not  expected  to  vary  with  the 
velocity  of  flow  through  a  column. 


Materials  and  Methods 

Runoff  and  Infiltration  experiments 

Table  19  shows  the  experimental  mauix  for  the  runoff  and  infiltration 
experiments  for  the  five  soils  investigated.  Table  20  shows  the  charac¬ 
terization  of  the  soils.  The  experiments  were  carried  out  in  Plexiglas  chambers 
whose  slope  could  be  adjusted  by  placing  shims  under  one  end  (see  Figure  10) 
to  produce  slopes  of  Xj,  Xj,  X3.  Measured  weights  of  soil  were  packed  in  the 
chambers  in  1-in.  lifts.  The  surface  was  scarified;  then  the  procedure  was 
repeated  several  times  until  the  des'red  total  depth  of  3  to  6  in.  was  obtained. 
The  lop  surface  of  the  soil  was  then  leveled.  LP  in  5-,  10-,  or  15-mL  volumes 
was  applied  to  the  soil  surface  as  shown  in  Figure  1 1 .  The  distance  the  liquid 
propellant,  ran  down  the  slope  and  an  outline  of  the  wetting  front  in  the  soil 
were  recorded.  All  experiments  were  duplicated  with  water  applied  to  the  soil. 


Movement  and  reactions  of  undiluted  LP  In  soils 

The  five  soils  were  packed  dry'  into  burets  to  study  the  movement  of  undi¬ 
luted  LP  (Figure  12).  Table  21  shows  the  weight  of  each  soil  and  its  porosity 
after  being  packed  to  a  depth  of  4  in.  at  the  bottom  of  the  buret.  Two  inches 
of  LP-saturatcd  soil  were  placed  over  the  dry  soil,  followed  by  two  inches  of 
watei.  Table  22  shows  the  weights  of  the  soil  and  LP  mixed  to  make  the  LP- 
saturaicd  soils  and  also  the  weight  of  water  j  toured  onto  the  saturated  soil. 

Immediately  after  water  was  added  to  the  buret,  the  stopcock  was  opened. 
The  position  of  the  wetting  front  in  the  tonncrly  dry  soil  was  recorded.  Liquid 
was  collected  by  a  fraction  collector  for  chemical  analysis  as  soon  as  discharge 
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Table  19  ~ 1 

Experimental  Matrix  for  Runoff  and  Infiltration  Studies 

Soil 

Slops  1 

Slope  2 

Slope  3 

China  Lake  B 

LP  (mL) 

5,  10.  15 

5,  10,  15 

5,  10,  15 

Water  (mL) 

5,  10,  15 

5,  10,  15 

5.  10,  15 

Picatinny  A 

LP  (mL) 

5,  10,  15 

5,  10,  15 

5,  10.  15 

Water  (mL) 

5,  10,  15 

5,  10,  15 

5,  10,  15 

Socorro  P 

LP  (mL) 

5,  10,  15 

5,  10,  15 

5,  10,  15 

Water  (mL) 

5,  10,  15 

5,  10,  15 

5,  10,  15 

WES  Reference 

LP  (mL) 

5,  10,  15 

5,  10,  15 

5,  10,  15 

Water  (mL) 

5,  10,  15 

5.  10.  15 

5.  10,  15 

Yuma-2A 

LP  (mL) 

5,  10.  15 

5,  10,  15 

5.  10.  15 

Water  (mL) 

5,  10,  15 

5.  10,  15 

5,  10.  15 

Table  20 

Soil  Characteristics 

Soli 

%  Sand 

%Sllt 
%  Clay 

%  Org. 
Mattor 

%  Water 

d  (cm) 

50  %  size 

Spec. 

Grav. 

Class 

China 

Lake  B 

97.5 

3.0 

25 

0.53 

1.1 

0.040 

- 

2.59 

Silty 

Sand 

SP-SM 

Picatinny  A 

550 

H 

2.92 

11.5 

00075 

265 

Sandy 

Silt 

ML 

Socorro  P 

42.5 

30.0 

27.5 

0  53 

129 

0.0040 

2.76 

Sandy 

Clay 

CL 

WES  Ret 

0.0 

93.75 

6.25 

2  31 

3.2 

0  0019 

2.54 

Clay 

Silt 

ML 

Yuma  2A 

75.0 

20.0 

5.0 

0.21 

3  1 

0.0079 

2.69 

Silty 

Sand 

SM 

from  the  buret  began.  The  position  of  the  water  surface  and  the  position  of 
the  soil-liquid  interface  were  recorded  for  all  soils  except  China  Lake  B. 

Visual  observations  were  made  as  warranted  and  included  the  presence  of  gas 
bubbles,  foam,  and  cavities  in  the  soil.  The  liquid  fractions  were  collected  in 
glass  vials  and  sent  to  the  Environmental  Chemistry  Branch,  Environmental 
Laboratory,  WES,  for  analysis  of  HAN  and  TEAN. 
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Figure  10.  Chamber  used  for  infiltration  and  runoff  experiments 


The  45.8  g  of  LP  used  to  saturate  the  Giina  Lake  B  soil  (sec  Table  22)  was 
dyed  with  30-ppm  methylene  blue  in  solvent.  The  liquid  eluted  from  the 
China  Lake  3  buret  was  divided  so  that  one  portion  could  be  analyzed  for 
methylene  blue  concentration  while  the  other  portion  was  analyzed  for  MAN 
and  TEAN. 


Transport  of  diluted  LP  in  soil  columns 

Soil  column  experiments  were  conducted  in  stainless  steel  columns 
(15  x  4.4  cm  inside  diameter)  (Figure  13;.  China  Lake  B  and  Picatinny  A 
soils  were  packed  into  the  columns  in  six  increments  using  preweighed  soil 
with  light  lamping.  The  surface  was  scarified  to  minimize  formation  of  bed 
ding  planes  before  adding  the  next  increment.  The  experimental  matrix  is 
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T'ihifc  21 

|  HorosKy  of  Dry  Soils  Packed  at  Bottom  of  Buret 


i 

W*.yht  of  A(. 

K 

1 

i  _ 

Cry  Soil,  g 

Water  Content 

g/ern 

Po?  >*l  *y  i 

China  Lake  B 

319.0 

0.C11 

.  “  1 

2.59 

G.34C  j 

Picatinny  A 

2955 

0.1  >5 

3.321 

Socorro  P 

290.9 

0  129 

2.76 

0  366 

i  WES  Refeunce 

2.G9.G 

0.032 

2.C4 

C  444 

j  Yuma  a A 

308.1 

0  031 

2.69 

O  375 

Table  22  1 

Weights  of  Sol!  and  LP  Used  to  Make  a  Saturated  Wisiui  ?  and 
Weight  of  Wrier  Applied 

Soil 

LP-Seturptsd  Roil 

Water  Ovv  lay,  g 

Soli  Welch;,  g 

L. P  /  np  k-xl,  £ 

Chip  tt  Lake  B 

160.0 

46  e 

94  6 

Hicatinny  A 

1  /Q  C 

4S.5 

94.o 

Soccrru  P 

1406 

5G  ? 

9*t.fl 

WES  Reference 

160.2 

9/0 

91.6 

Yuma  2A 

154  1 

-  1 

94.6 

shown  in  Tabic  23.  Flow  in  an  upflow  mode  was  held  Fixed  for  each  column 
during  a  test.  The  minimum  velocity  was  1.75  E-4  and  1.23  E4  cm/s,  and  the 
maximum  velocity  was  19.27  E-4  and  4.63  E-4  cm/s  for  China  Lake  B  and 
Picatinny  A  soil,  respectively.  Flow  was  pumped  through  a  constant  volume 
metering  pump.  Column  discharge  was  collected  in  a  fraction  collector 
(Figure  14). 

After  soil  loading,  hydraulic  conditions  were  stabilized  by  pumping  dcaircd, 
distilled,  deionized  water  at  steady  How  through  the  columns  for  approximately 
2  weeks,  yielding  at  least  13  pore  volumes  of  throughput  for  the  China  Lake  B 
soil  and  9  pore  volumes  of  throughput  for  the  Picatinny  A  soil.  Tests  started 
then  of  transport  of  dilute  LP.  Effluent  samples  for  HAN  and  TEAN  analysis 
were  collected  by  the  fraction  collector.  Samples  were  stored  at  5  °C  until 
analyzed  by  ion  chromatography  (Appendix  A). 

After  the  LP  tests  were  completed,  columns  were  kept  full  of  water  and 
rested  for  approximately  1  month.  Dcaired,  distilled,  deionized  water  was  then 
pumped  at  steady  flow  through  the  columns  for  approximately  1  week,  flush¬ 
ing  at  least  6  pore  volumes  through  the  China  Lake  B  soil  and  4  pore  volumes 
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Figure  13.  Stainless  steel  column  and  components 


Table  23 

Experimental  Matrix  for  Transport  of  Dilute  LP  In  Soil 


Soit/Uquld  Loaded 

Application  method 

China  Lake  -3 

LP 

Instantaneous  mass  load.ng 

Salt  Tracer 

Instantaneous  mass  loading 

Picatinny  A 

L.P 

Stop  increase  in  concentration 

Salt  Tracer 

Instantaneous  mass  loading 

COLUMN 


RESERVOIR 


Figure  14.  Soil  column  test  apparatus 
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through  the  Picatinny  A  soil.  Salt  tracer  was  injected  into  the  flow,  and  the 
chloride  ion  was  monitored.  The  effluent  fractions  were  analyzed  for  chloride 
ion  concentration. 


Results 

LP  runoff 

The  data  from  each  experiment  conducted  in  a  runoff  and  infiltration  cham¬ 
ber  and  the  properties  of  the  fluids  were  grouped  into  dimensionless  variables 
which  consisted  of  L'/Vin,  g/i'pN l(gV)),  o/(pg\/2n),  n.  0,  and  ('Jg)tJVw , 

where 

o  =  surface  tension  of  the  fluid 


dp  -  mean  soil  panicle  size 
ta  =  application  time  of  the  fluid 

The  dimensionless  variables  were  fitted  to  Equation  19,  the  dimensionless 
runoff  equation,  which  reduces  to 


it 

II 

"pgQ  W 

A 

o 

■n 

y  i/3 

L  M  _ 

_P  gV?n. 

(29) 


The  data  were  subdivided  into  two  groups,  data  for  LP  and  data  for  water. 
The  exponents  A,  B,  and  C  and  the  proportionality  constant  K’  were  deter¬ 
mined  from  the  data  by  the  nonlinear  regression  program  in  Sigma  Plot™ 
(Jandcl  Scientific,  Cone  Madera,  CA).  Norm  of  the  regression  analysis  pro¬ 
vided  a  measure  of  the  goodness  of  tit  of  the  data  to  the  equation.  The  norm 
is  defined  in  Sigma  Plot™  as 


NORM  =  pZiResiduahf 

v.-herc  a  residual  is  the  difference  between  a  measured  runoff  function  value, 
L'/V'n,  and  a  iunoff  function  value  calculated  from  Equation  29.  The  smaller 
the  value  of  the  nonn,  the  more  closely  the  data  fit  the  regression  equatio  t 
Figures  15  and  16  present  the  experimental  runoff  data  lor  LP  and  water, 
respectively,  plotted  as  the  measured  L'/Vin  versus  the  value  of  L’iV'n  from 
Equation  29  with  the  optimized  coefficient  K’  and  exponents  A,  B ,  and  C. 
Table  24  summarizes  the  runoff  equation  coefficients,  exponents,  and  nomi  for 
the  live  soils  that  were  tested. 
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In  four  of  the  soils,  the  regression  equation  for  water  had  a  lower  norm 
than  the  regression  equation  for  LP.  Yuma  2A  was  the  exception  in  that  the 
regression  equation  for  LP  fit  the  data  better  than  the  regression  equation  for 
water.  The  Picatinny  A  soil  had  the  largest  norm  of  any  soil  for  LP. 

The  magnitude  of  the  exponent  A  provides  a  measure  of  how  closely  the 
runoff  distance  was  described  by  flow  without  infiltration  down  a  sloping 
plane  surface.  When  A  =  1,  runoff  distance  is  described  by  How  rather  than 
infiltration.  When  A  =  0,  the  sloping  plane  surface  model  is  not  applicable. 

In  all  soils,  the  exponent  ranged  in  value  from  zero  to  about  one  half, 
suggesting  that  the  sloping  plane  surface  portion  of  the  model  provided  at  best 
only  pan  of  the  explanation  for  the  runoff  distance. 

Values  of  exponent  A  lor  LP  and  for  water  were  consistent  in  most  of  the 
soils.  China  Lake  B  soil  had  exponents  of  0  for  LP  and  water,  meaning  that 
the  runoff  distance  for  the  sandy  China  Lake  B  soil  was  not  described  as  How- 
on  a  sloping  plane  surface.  Picatinny  A  soil  had  almost  the  same,  exponents, 
0.2310  and  0.2351  for  LF  and  waier,  respectively.  Socorro  P  soil  had  similar 
exponents  ol  0.2115  and  0.1699,  respectively,  for  LP  and  water.  The  exponent 
for  WES  Reference  soil  ior  LP  was  nearly  twice  as  large  as  the  exponent  for 
water.  Yuma  2A  soil  had  a  larger  exponent  for  LP  than  it  did  for  water.  In 
summary,  three  ol  the  soils  had  large i  exponents  A  for  L.P  than  lor  water, 
while  the  exponents  were  equal  for  two  soils,  for  all  the  soils  the  exponents 
were  zero,  or  small  compared  with  1,  suggesting  that  other  fatiors  in  addition 
to  flow  without  infiltration  on  a  sloping  plane  suit  ace  are  needed  to  predict  i  he 
runoff  distance. 
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Figure  15.  Comparison  of  runoff  function,  L'/V2,  with  optimized  function  of  soil  and  LP 
properties 


58 


Chapter  3  Runoff  Infiltration,  and  Transport 


Measured  Runoff  Function 


Runoff  Function  Equation  Runoff  function  Equation 


Runoff  Function  Equation 


Figure  16  Comparison  of  runoff  function,  L'/V  \  with  optimized  function  of  soil  and  water 
prcpeities 
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The  magnitude  of  the  exponent  B  provides  a  measure  of  the  role  of  surface 
tension  in  predicting  the  mnoff  distance.  Values  of  B  >  0  mean  that  capillary 
forces  play  an  important  role  in  reducing  the  runoff  distance  by  increasing  the 
infiltration  rate.  Table  24  shows  that  the  magnitude  of  3  varied  horn  0  for 
Picatinny  A  and  Yuma  2A  soils  with  LP  to  2.742  for  Picatinny  A  soil  with 
water.  For  all  soils,  the  exponent  was  smaller  for  LP  than  u  was  for  waicr. 

This  result  suggests  that  surface  tension  is  less  important  in  iiUiUnuion  of  LP 
than  it  is  for  water.  The  contrast  in  the  effects  w,ts  most  nc-ticeablc  for 
Picatinny  A  and  Yuma  2A  soils,  where  the  surface  tension  dimensionless 
group  played  no  role  in  the  runoff  distance  for  LP.  while  it  played  a  larger  role 
for  water.  For  China  Lake  B,  Socorro  P,  and  WES  Reference  soils,  the  sur 
face  tension  dimensionless  group  was  important  in  influencing  the  runoff  dis¬ 
tance  for  both  LP  and  for  water. 

Exponent  C  related  the  dimensionless  particle  size  to  the  dimensionless 
runoff  distance.  For  Socorro  P  and  WES  Reference  soils  receiving  water  and 
LP,  and  for  Picatinny  A  soil  with  LP,  the  exponent  was  zero,  showing  no 
influence  of  particle  size  on  runoff  distance.  In  all  other  cases,  the  exponent 
showed  that  dimensionless  particle  size  was  related  to  the  runoff  distance. 

The  runoff  equations  should  be  used  within  the  range  of  experimental 
conditions  under  which  they  were  developed  (Tab's  19),  The  data  sets  for 
which  the  equations  were  developed  were  small,  and  the  equations  have  not 
been  verified  by  comparing  their  predictions  against  independent  measurements 
of  runoff  distance.  The  proportionality  coefficients  K'  and  the  exponents  A,  B, 
and  C  generally  vary  from  soil  to  soil  and  between  LP  and  water.  Yet  patterns 
in  the  exponents  are  evident.  While  exponents  for  LP  and  water  were  similar 
in  China  Lake  B,  Socorro  P,  and  die  WES  Reference  soils,  exponents  for  LP 
differed  from  water  in  Picatinny  A  and  Yuma  2 A  soils.  Examination  of 
Table  20  on  the  soil  characteristics  provides  no  clues  for  the  above  groupings. 

Figures  15  and  lb  show  graphs  containing  a  regression  line  between  die 
measured  runoff  function  and  the  runoff  function  equation.  If  there  were  no 
error,  all  of  the  data  would  plot  on  a  straight  line  passing  through  the  origin, 
having  a  slope  of  one. 

Runoff  data  for  China  Lake  B  soil  she  wed  considerable  scatter  (Figures  15 
and  16).  The  measured  runoff  function  was  related  in  a  nonlinear  manner  to 
the  runoff  function  equation.  The  nonlinear  behavior  is  particularly  apparent 
for  water  runoff  (Figure  16).  As  has  been  shown,  die  runoff  function  equation 
was  not  related  to  the  dimensionless  theoretical  velocity  times  application  time 
term,  but  was  related  to  the  surface  tension  and  panicle  size  dimensionless 
numbers  (Tabic  24).  The  high  sand  content  of  the  China  Lake  B  soil  is  the 
likely  reason  for  the  inability  of  the  runoff  function  equation  to  predict  runoll 
length.  For  example,  if  the  applied  liquid  tends  to  soak  into  the  soil  without 
running  off,  then  predictions  of  runoff  distance  ate  poor. 

Picatinny  A  soil  showed  a  wide  scatter  of  data  tor  I.P  and  a  smaller  scatter 
for  water  (Figures  15  and  16).  The  nonn,  also  a  reflection  of  die  scatter  in  the 
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data,  was  large  for  Picatinny  A  soil  to  which  LP  was  applied  (Table  24).  The 
relationship  between  the  predicted  and  measured  runoff  function  was  nonlinear 
(Figum  16). 

The  predictions  of  the  runoff  function  equations  for  LP  and  water  for 
Socorro  P  soil  were  similar  (Figures  IS  and  16).  'These  results  arc  consistent 
with  the  similarity  between  exponents  and  norms  for  LP  and  w  ater  in 
Socorro  P  soil  (Table  24).  The  relationship  between  the  predicted  and 
measured  was  nonlinear. 


LP  Infiltration  Into  soils 

The  data  for  each  infiltration  experiment  and  the  propeities  of  the  fluids 
were  regrouped  into  dimensionless  variables  which  consisted  of 


_V  p 
V  ’  <pf(gV)' 


a 


whom  the  terms  have  been  defined  previously,  except, 


Y,  =  vetiical  distance  from  the  original  soil  surface  to  the  deepest  part  of 
the  wetting  from 

t,  -  the  time  since  the  start  of  experiment  at  which  Y,  was  measured 

'file  dimensionless  variables  were  analyzed  by  fit  ring  the  data  to 
liquation  24,  the  dimensionless  infiltration  equation,  which  reduces  to 

r  o  IV  (30) 

.(>*>' irJ 

The  data  were  subdivided  into  two  groups,  data  for  LP  and  lor  water.  'The 
exponents  A,  B ,  and  C  and  the.  proportionality  constant  tC  were  determined  by 
the  nonlinear  regression  program  in  Sigtna  Plot™  (Jandel  Scientific,  Cone 
Madera,  CA).  Table  25  summarizes  the  infiltration  equation  coefficients,, 
exponents,  and  norm  (which  measures  tine  goodness  of  lit)  for  the  five  soils 
that  wem  tested.  All  of  the  soils  had  small  values  of  the  norm  indicating  that 
the  lit  to  the  equations  was  good.  Figures  17  and  U>  present  the  experimental 
results,  T/V1'3,  plotted  against  the  optimized  Equation  30  for  LP  and  water, 
respectively. 
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Table  25 

Summary  of  Infiltration  Equation  Coefficients  and  Exponents  for 
the  Five  Solis  and  for  LP  and  Water 

Soli  and  Fluid 

fC 

A 

B 

C 

Norm  || 

China  Lake  B 

LP 

0.2378 

0  1626 

0 

0 

3  20 

Water 

0  1667 

0  1868 

0 

0 

2  02 

Picatinny  A 

LP 

0  3103 

0.0771 

0 

0  0849 

1  45 

Water 

0  8273 

0  1144 

1.239 

0 

1.22 

Socorro  P 

LP 

0.6594 

0  1499 

0  3112 

0 

0  52 

Water 

2.2610 

0.1298 

0  4976 

0 

0.67 

WES-Reference 

LP 

2.635 

0  1  152 

0.5178 

0 

0  72 

Water 

4.167 

0 

0  4463 

0  0537 

0  62 

Yuma  2A 

LP 

0.3193 

0  1680 

0.0605 

0  0287 

1.92 

Water 

2.4700 

0.0997 

0.3670 

0.0411 

1.44 

The  magnitude  of  the  exponent  A  measures  how  closely  the  infiltration 
distance  conformed  to  the  predicted  infiltration  distance  developed  from 
Darcy’s  equation.  When  A  =  1.0,  Darcy’s  equation  was  followed  exactly. 

The  exponent  A  values  were  much  smaller  than  1.0,  ranging  in  magnitude  from 
0.0  for  WES  Reference  soil  with  water  to  0.1868  for  China  Lake  B  soil  with 
water.  These  small  values  indicate  that  Darcy’s  equation  required  modification 
to  resemble  the  Kostiakov  expression,  Equation  16,  to  better  describe  the  infil¬ 
tration  distance.  Also,  die  actual  hydraulic  conductivity  was  likely  to  have 
decreased  as  infiltration  took  place  due  to  the  infiluaiing  water  filling  only  pan 
of  the  soil  pore  space.  This  would  produce  unsaturated  How,  which  is  charac¬ 
terized  by  low  values  of  hydraulic  conductivity. 

The  magnitude  of  die  exponent  B  provides  a  measure  of  the  role  dial 
surface  tension  plays  in  describing  infiltration  distance.  A  value  of  B  >  0 
means  that  capillary  forces  played  a  role  in.  increasing  the  infiltration  depth. 
Table  25  shows  diat  B  =  0  for  China  Lake  B  soil  for  both  LP  and  for  water 
and  also  for  Picatinny  A  with  LP.  For  Yuma  2A  soil  with  LF,  B  was  low 
(0.0609).  By  contrast,  B  varied  from  0.3112  to  1.239  foi  the  other  soils  and 
fluids.  These  results  demonstrated  that  surface  tension  cf  cts  were  important 
in  describing  the  infiltration  depth  for  Picatinny  A  soil  with  water,  for 
Socorro  P  soil  for  both  LP  and  for  water,  for  WES  Reference  soil  for  both  LP 
and  for  water,  and  for  Yuma  2 A  soil  for  water.  But,  in  general  foi  LP,  surface 
tension  was  unimportant  (except  in  Socorro  P  and  WES  Reference)  and  less 
important  titan  it  was  for  water  (except  for  WES  Reference) 
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The  exponent  C  was  zero  or  small  in  all  cases,  showing  that  the  soil  slope 
had  no,  or  only  limited,  effect  upon  infiltration  depth. 

Picatinny  A  soil  showed  (Figures  17  and  18)  a  greater  scatter  of  points, 
especially  for  LP,  titan  for  other  soils.  The  wetting  front  in  Picatinny  A  soil 
was  difficult  to  distinguish  for  both  LP  and  for  water.  The  black  soil  showed 
very  little  color  change  between  wet  and  dry  states,  creating  difficulty  in  iden¬ 
tification  of  the  wetting  front.  Socorro  P  soil  also  showed  relatively  little  color 
change  between  wet  and  dry  states  when  LP  or  water  was  used,  resulting  in 
the  collection  of  fewer  data  points.  Data  for  WES  Reference  soil  were  closely 
clustered  about  the  regression  line,  especially  for  LP.  Even  though  Yuma  2 A 
soil  showed  the  greatest  tendency  of  any  of  the  soils  to  react  with  LP,  infiltra¬ 
tion  functions  were  similar  to  those  for  water  (Figures  17  and  18). 

The  infiltration  equations  that  were  developed  should  be  used  within  the 
range  of  experimental  conditions  shown  for  which  they  were  developed 
(Table  19).  The  infiltration  equations  have  not  been  verified  by  comparing 
their  predictions  against  independent  data  sets. 

The  regression  line  between  the  predicted  and  measured  infiltration  depth 
functions  in  all  cases  comes  close  to  passing  through  the  origin  and  having  a 
slope  of  one  (Figures  17  and  18).  The  data  are  scattered  near  the  regression 
line,  indicating  reasonable  agreement  between  predicted  and  measured 
infiltration. 


Movement  and  reaction  of  undiluted  LP 

The  movement  and  reaction  of  undiluted  LP  in  the  five  test  soils  were 
observed  in  terms  of  swelling,  production  of  gas  bubbles,  visibility  of  the 
wetting  front,  time  to  elution,  cavities  formation,  and  rate  of  percolation  of 
water  through  the  LP  saturated  soil  (Figures  19  and  20).  The  dashed  reference 
lines  show  the  original  position  of  the  soil  surface  and  the  water  level.  The 
time  at  which  liquid  elution  started  and  the  time  at  which  cavities  formed  arc 
indicated. 

China  Lake  B.  The  China  Lake  B  soil  showed  very  little  reaction  with  the 
LP  as  evidenced  by  soil  swelling  and  production  of  gas  bubbles  (Figure  19a). 
The  wetting  front  position  was  clearly  visible  and  progressed  the  4  in.  through 
the  dry  soil  to  the  porous  plate  in  less  than  an  hour.  A  lag  time  of  several 
minutes  was  observed  as  the  wetting  front  progressed  through  the  porous  plate; 
then  liquid  drained  into  the  fraction  collector.  Two  hours  were  required  lor 
drainage  of  the  water  standing  above  the  soil  to  drop  to  the  top  of  the  soil. 
Almost  immediately  the  drainage  rate  dropped,  A  small  amount  of  drainage 
occurred  over  the  next  12  hr,  and  then  halted.  The  position  of  the  water  level 
and  the  soil  surface  were  not  recorded. 
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Picatinny  A.  Picatiruiy  A  soil  showed  an  immediate  swelling  of  5.6  cm 
when  contacted  with  LP  (Figure  19b)  The  swelling  lifted  the  water  surface 
and  raised  the  soil  surface  7.9  cm  in  19  hr.  The  soil  and  water  levels 
subsequently  declined,  but  the  soil  level  remained  above  its  origit  al  position. 

The  lack  of  contrast  between  wet  and  dry  Picatinny  A  soil  made  the 
advance  of  the  liquid  into  the  soil  difficult  to  observe.  In  fact,  Figure  19b 
shows  that  the  observed  position  of  the  wetting  front  did  not  change  in  the  first 
day  of  observations.  Yet,  LP  elution  occurred  after  about  9  hr.  Obviously,  the 
barely  distinguishable  wetting  front  that  appeared  not  to  move  was  not  an 
accurate  repiesentation  of  the  position  of  the  liquid  in  die  soil.  No  attempt  to 
document  the  position  of  the  wetting  front  was  made  after  I0‘i  see. 

After  rrear’y  3  days,  the  water  level  had  not  declined  to  its  original  eleva¬ 
tion,  even  though  drainage  of  liquid  had  taken  place  into  the  fraction  collector. 
Much  of  the  soil  swelling  was  permanent  in  the  sense  inat  after  liquid  ceased 
to  elute  from  the  buret,  the  soil  surface  was  still  higher  than  it  was  in  its 
original  position.  Pan  of  the  sod  swelling  was  due  to  gas  formation  in  the 
soil.  The  gas  occupied  pore  volume  and  separated  the  soil  panicles.  Another 
pan  of  the  soil  swelling  may  have  been  due  io  expansion  of  soil  particle  by 
wetting. 

Socorro  Periphery.  The.  Socorro  Periphery  soil  unuerwcrit  an  immediate 
swelling  of  4.1  cm  upon  coming  into  contact  with  LP.  About  3  hr  later,  the 
soil  reached  its  maximum  expansion,  a  total  of  4.8  cm.  The  water  suriacc  was 
lifteo  Horn  its  original  position  by  the  soil  swelling.  The  wetting  front  was 
poorly  visible,  so  no  data  arc  available  after  X  time.  As  shown  .n  Figure  19c, 
tire  recorded  wetting  front  position  was  several  centimeters  above  the  porous 
plate  support  even  after  liquid  elution  began.  Clearly,  the  poorly  visible  wet¬ 
ting  t  orn  was  a  poor  indicatoi  of  die  liquid  position  in  the  soil.  After  about 
10  min,  the  water  level  reached  its  maximum  elevation  and  proceeded  to  drop 
as  infiltration  tool;  place. 

WLS  Reference.  WES  Reference  soil  followed  the  trend  of  other  soils  in 
undergoing  a  rapid  expansion  w  hen  brought  into  contact  with  LP  (Figure  19d). 
The  soil  expanded  by  4  0  cm,  its  maximum  expansion,  alums'  immediately. 

The  soil  surface  dropped  as  the  wetting  hem  advanced.  The  water  level  was 
lifted  4.5  cm  by  the  swelling  soil,  but  dropped  as  infiltration  occurred.  The 
wetting  trout  was  visible  and  reached  the  porous  support  after  about.  16  hr.  A 
9-hr  delay  ensued  before  elution  of  the  liquid  slatted.  Pan  of  the  delay  at  the 
jxrrous  support  is  due  to  the  time  required  lor  the  wetting  front  to  advance 
through  rite  hem  support.  However,  the  more  likely  attributable  delay  is  to 
the  difference  in  pore  size  ol  the  suppon  and  the  WES  Reference  soil.  The 
support  has  larger  pores,  producing  smaller  capillary  forces  than  the  fine¬ 
grained  soil.  If  he  capillary  forces  act  to  hold  the  liquid  in  the  WES  Reference 
soil  while  filling  up  p-on;  spaces  that  had  been  bypassed  in  Use  initial  infiltra¬ 
tion.  When  the  pore  space  had  been  filicu  suffi-Jemiy,  the.  weiring  hunt 
advanced  into  the  porous  suppm;  tc  b;  followed  by  liquid  elution. 
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One  notable  feature  of  the  LP  advance  into  the  VVL S  Reference  soil  was  the 
formation  of  a  cavity  after  about  18  min.  The  cavity  v. us  a  gas-filled  opening 
in  the  wet  soil  which  was  visible  for  a  short  time  before  the  gas  rose  thiough 
the  wet  soil  and  bubbled  off.  The  cavity  formed  ?.hcy;  the  time  the  soi! 
reached  its  maximum  expansion. 

Yuma  2A.  Yuma  2A  soil  underwent  immediate  swelling  after  coming  into 
contact  with  LP  (Figure  20a).  The  increase  was  about  3  6  cm  in  half  an  hour. 
The  wetting  front  moved  downwards  steadily,  and  the  water  level  showed  an 
early  rise  as  it  was  lifted  by  the  swelling  soil,  then  r  deel-rse  as  the  wetting 
front  advanced.  Liquid  elution  occurred  after  about  4.0  hr.  'lire  visible  wet¬ 
ting  front  had  not  yet  reached  the  porous  suppon,  suggesting  that  the  wetting 
front  was  a  poor  indicator  of  the  liquid  position  in  the  soil.  About  8  hr  after 
the  experiment  started,  a  large  cavity  was  observed  extending  completely 
across  the  soil  in  the  buret.  The  soil  was  separated  by  a  gas-riled  cavity  into 
an  upper  portion.  Remnants  of  this  cavity  were  visible  several  hours  later,  as 
were  indications  that  other  cavities  had  formed  and  collapsed  when  no 
observers  were  present. 

1  wo  more  experiments  were  set  up  to  determine  whether  the  formation  of 
large  cavities  could  be  duplicated  and  to  obtain  more  observations  of  condi¬ 
tions  before  and  alter  cavity  formation.  Four  cavities  were  observed  in 
Yuma  2A.  Task  A  (Figure  20h),  and  six  cavities  were  observed  in  Yuma  2 A, 
Task  B  (Figure  20c).  In  Task  A,  the  first  cavity  formed  without  lifting  the  soil 
surface.  Task  B  lifted  me  soil  surface  only  slightly  initially,  then  more  as  two 
additional  cavities  formed. 

T'>ble  26  summarizes  the  soil  expansions  brought  on  by  concentrated  LP. 
Soil  expansion  discussions  in  the  literature  focus  on  clay  volume  changes  with 
an  increase  in  moisture  content  (Tariq  and  Dumford  1993). 
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Relationship  of  chromatographic  effect  to  reactions  of  LP  w  iiii  soil  Si 
was  noted  that  cavities  formed  in  the  wet  region  above  the  welting  from 
Gases  generated  at  the  wetting  front  could  move  downwards  and  escape', 
through  the  porous  suppon.  However,  the  chromatographic  effect  may  [ire vide 
an  explanation  foi  gas  formation  behind  the  wetiing  front. 

When  LP  percolates  into  the  soil,  its  chemical  constituents  may  travel  at  the 
same  velocity  as  the  liquid  carrier,  or  they  may  move  at  a  slower  velocity  if 
they  undergo  adsorption  and  desorption  on  the  soil.  HAN  and  TEAM  undergo 
sorption  on  tire  soil,  but  the  soqition  intensity  is  different  for  each  species  and 
for  each  soil.  The  sorption  intensity  is  expressed  through  the  retardation 
coefficient.  A  large  value  of  the  retardation  coefficient  indicates  a  chemical 
species  that  is  strongly  sorbed.  It  will  appear  to  move  slowly,  much  slower 
titan  the  carrier  fluid,  since  it  spends  so  much  time  attached  to  die  soil.  On  the 
other  hand,  a  low  retardation  coefficient  indicates  a  chemical  species  that  trav¬ 
els  almost  as  fast  as  the  earner  fluid.  A  retardation  coefficient  of  one  signifies 
that  the  chemical  species  docs  not  undergo  sorption,  so  it  moves  at  the  same 
speed  as  the  carrier  fluid.  HAN  and  THAN  have  retardation  coefficients  that 
are  less  than  five  for  China  Lake  B  and  Picaunny  A  soil.  TEAN  has  a  larger 
retardation  coefficient  than  HAN.  The  retardation  coefficients  were  not 
measured  for  Yuma  2A  soil,  but  if  they  had  the  same  relative  magnitude  for 
Yuma  2A  soil,  the  chromatographic,  effect  could  explain  the  cavity  fonnation. 

HAN  will  move  faster  than  TEAN  as  TEAN  has  a  larger  retardation  coeffi¬ 
cient  Thus,  flowing  LP  will  separate  into  its  constituents  because  the  adsorp¬ 
tion  and  desorption  process  allows  each  species  to  move  at  a  different  speed. 
The  fluid  at  the  wetiing  front  will  become  depleted  in  HAN  and  TEAN  con¬ 
centrations  as  they  undergo  sorption.  Ilie  highest  concentration  of  HAN  will 
lag  behind  the  wetting  front  due  to  retardation.  The  HAN  concentration  front 
will  fall  back  more  and  more  from  ihc  welting  fioni  as  infiltration  proceeds 
over  greater  distances.  The  LEAN  will  lag  behind  the  HAN  as  TEAN  is 
retarded  more.  These  phenomena  are  shown  in  Figure  21.  In  the  buret  experi¬ 
ments,  there  was  also  a  chromatographic  effect  at  the  top  of  the  column  of  soil 
where  the  water  was  placed  on  top  of  the  LP-saturated  soil. 

The  chromatoj.  aphic  effect  is  important  in  the  transport  of  a  reactive  ar.d 
sorbing  solute  such  as  LP,  for  it  suggests  that  the  chemical  reactions  taking 
place  during  infiltration  will  take  place  behind  the  wetting  front.  The  distance 
behind  the  wetting  front  wili  depend  on  whether  the  reaction  involves  HAN  or 
TEAN.  Furthermore,  if  the  reaction  produces  gas  as  a  reaction  product,  the 
gas  will  be  generated  in  a  liquid-filled  porous  medium  Capillary  forces  will 
tend  to  hold  the  gas  in  the  soil  interstices.  However,  if  the  interstices  arc  large 
enough,  the  bubble  formed  can  migrate  upward  under  the  influence  of  buoyant 
forces.  Fine-grained  soils  can  produce  larger  capillary  forces,  which  will  make 
it  more  difficult  for  the  bubble  to  migrate.  In  this  case,  the  bubble  may  be 
trapped.  If  a  sufficient  number  of  bubbles  are  trapped,  they  may  allow  fonna¬ 
tion  of  a  cavity  in  flit:  soil.  At  any  rate,  the  uapjrcd  bubbles  would  promote 
swelling  of  the  soil  as  flic  gas  bubble;  would  pry  the  soil  grains  farther  apart. 
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Figure  21 .  Chromatographic  effect  in  a  soil  through  wl  ch  LP  is  percolating 

Elution  studies  of  undiluted  LP  from  soil  columns 

The  concentration  of  '1TAN  in  the  initial  cluate  sample  was  zero  in  Picatinny 
A  (Figure  22b),  Socorro  P  (Figure  22c),  WES  Reference  (Figure  22d),  and  one 
of  the  three  Yuma  2A  soil  samples  (Figure  23b)  and  near  zero  in  China  Lake 
B  (Figure  22a),  and  two  of  the  three  Yuma  2A  soils  samples  (Figure  23a, b). 
The  zero  or  near  zero  concentrations  of  TEAN  in  the  initial  cluate  could 
evolve  in  two  ways:  (a)  ihe  overlying  v/atei  could  have  migrateu  through  the 
LP-saturatcu  soil  or  (b)  tlie  initial  eiuaie  samph.  was  made  up  of  water  and 
HAN  so  thit  it  appeared  to  move  faster  through  the  pores  of  the  saturated  soil 
than  the  IT;  AM.  Subsequent  results  suppon  die  second  explanation.  Tlie 
TFAN  con  :cntration  increased  as  more  fluid  eluted,  suggesting  that  the  TEAM 
had  been  immobile  at  first,  then  became  mobile  later.  Initial  adsorption 
deceased  th*  TEAN  concentration  to  zero  or  near  zero  in  the  leading  edge  of 
die  flow.  Tien,  as  the  adsorption  capacity  of  the  soil  was  exhausted,  die  con- 
centiaiioii  of  TEAN  in  die  mobile  phase  uicreasec. 
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TEAN  concentrations  in  the  eluent  reached  a  plateau,  a  C/C0  value  of  about 
0.25  for  Picatinny  A  soil  and  about  0  a  lor  WES  Reference  soil.  The  devel¬ 
opment  of  a  plateau  suggests  that  (a)  tue  TEAN  had  degraded  or  (b)  dilution 
with  water  decreased  the  TEAN  concentration.  In  the  other  soils,  the  maxi¬ 
mum  concentration  of  TEAN  was  reached  when  elution  stopped.  A  mathemat¬ 
ical  model  of  TEAN  transport  in  the  soil  was  not  developed  because  of  the 
limited  /amount  of  data  collected  and  the  complexities  of  the  variable  flow  rate. 

The  HAN  concentraf'on  in  the  initial  eluant  was  zero  for  Picatinny  A, 
Socorro  P,  and  one  Yuma  2A  soil  (Figure  23b)  and  near  zero  for  WES  Refer¬ 
ence  soil.  The  concentration  was  about  0.13  for  China  Lake  B  soil,  0.05  for 
one  Yuma  2A  soil  (Figure  23a),  and  0.1  for  another  Yuma  2A  soil  (Fig¬ 
ure  23c).  Thus,  HAN  degradation  and  sorption  in  the  soils  was  evident,  but 
was  not  quantified. 

The  behavior  of  HAN  and  TEAN  in  China  Lake  B  soil  was  similar  after 
differences  in  initial  concentrations  (Figure  22a).  Each  species  underwent  a 
temporary  reduction  in  concentration  midway  through  the  flow  process,  then 
both  climbed  to  a  maximum  when  flow  ceased. 

The  HAN  and  TEAN  relative  concemrations  paralleled  each  other  for  Picat¬ 
inny  A  soil  (Figure  22b).  Thus,  their  degradation  and  adsoiptive  behaviors 
were  similar. 

Socorro  P  soil  adsorbed  TEAN  to  a  greater  extent  than  HAN  as  the  TEAN 
elution  curve  was  delayed  relative  to  die  HAN  eiution  curve  (Figure  22c). 

Also,  HAN  reached  a  peak  concentration  midway  through  elution,  then 
declined  in  concentration.  By  contrast,  once  TEAN  appeared  after  its  delayed 
elution,  the  concentration  climbed  continuously  until  clarion  stopped.  The 
decrease  in  HAN  concentration  after  reaching  a  peak  could  be  evidence  for 
enhanced  adsorption. 

WES  Reference  soil  showed  HAN  and  TEAN  eluted  in  a  similar  manner, 
but  HAN  maintained  a  greater  relative  concentration  (Figure  22d). 

In  Yuma  2 A  soil,  the  HAN  concentration  increased  more  rapidly  than  the 
TEAN  concentration  early  in  the  test;  then  the  relative  concentrations  reversed, 
with  the  1EAN  concentration  being  larger  than  the  HAN  concentration  later  in 
the  test  (Figure  23a, b,c).  Part  of  Die  explanation  for  the  difference  in  behavior 
ol  HAN  and  TEAN  in  the  three  Yuma  2A  soil  samples  may  be  attributable  to 
the  formation  and  location  of  the  cavities.  A  cavity  interrupts  the  flow;  then, 

'  tlc/ise  of  gas  bubbles  through  'he  soil  stirs  up  the  soil  opening  and  closing 
How  channels.  These  channels  could  provide  a  means  for  water  to  enter 
different  depths  in  the  Yuma  2A  soil.  Also,  the  chromatographic  effect  pro¬ 
vides  some  longitudinal  segregation  of  HAN  and  TEAN  in  the  soil.  Thus,  if  a 
cavity  fc  -ms  ,  pa  h  for  water  entry  u>  a  region  of  soil  containing  T  EAN  but  no 
HAN  .  Uicn  extra  TAN  could  l-c  pushed  out  while  the  oncoming  HAN  was 
J  i-.ed. 
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Methylene  blue  dye  as  a  quantitative  Indicator  of  LP  concentration 

The  concentration  of  methylene  was  very  low,  in  the  fraction  of  a  mg/L, 
even  when  the  applied  concentration  was  as  high  as  30  mg/L.  The  China 
Lake  B  soil  was  stained,  showing  that  the  dye  was  adsorbed  and  almost  com¬ 
pletely  removed  from  the  liquid.  The  survival  of  mcthyicnc  blue  as  it 
percolated  through  other  soils  with  LP  was  not  tested  since  other  soils  were 
likely  to  sorb  more  efficiently  than  China  Lake  B. 

Transport  of  diluted  LP  In  soil  columns 

For  Chinu  Lake  B  soil  (Columns  A,  B,  and  C)  (Table  27)  Picatinny  A  soil 
(Columns  D,  E,  and  F)  (Table  28),  the  values  of  a,  the  ratio  of  the  dispersion 
coefficient  (D),  and  the  velocity  (V)  are  within  the  range,  found  by  other 
investigators  :T>omenico  and  Schwartz  1990).  However,  the  a  values  are  not 
the  same  for  HAN,  TEAN,  and  the  chloride  ion,  indicating  that  the  dispersion 
coefficients  are  species  dependent.  For  China  Lake  B  soil,  the  dispersion  coef¬ 
ficient  are  consistent  in  that  each  one  increases  with  velocity.  Picatinny  A 
soil  did  not  show  a  consistent  trend  of  having  the  dispersion  coefficient 
increase  with  velocity. 

The  reaction  rate  coefficient,  A',  for  China  Lake  B  soil  showed  a  consistent 
trend  in  which  the  rate  coefficient  increased  with  velocity.  The  increase  in  file 
rate  coefficient  with  velocity  could  be  due  to  more  mixing  of  the  reactants  in 
the  soil  pores,  or  to  a  decrease  in  the  fluid  boundary  layer  around  each  soil 
particle  so  as  to  enhance  surface  reactions.  Picatinny  A  soil  showed  no  trend 
in  the  magnitude  of  the  reaction  rate  coefficient  relative  to  velocity.  The  lack 
oi  a  trend  is  expected  for  reactions  that  take  place  in  tlv  fluid. 

An  unexpected  result  was  that  the  chloride  ion  was  not  conserve- ive,  but 
decayed  through  some  chemical  reaction  in  the  columns.  Chloride  ion  is  us"- 
ally  a  conservative  tracer  :n  porous  media  studies;  howeve: ,  the  results  showt  d 
it  was  not  conservative  when  applied  after  LP.  Apparently,  the  LP  altered  the 
soil  surfaces  so  that  the  chloride  ion  took  pan  in  a  surface  reaction. 

A  coinpanson  between  soils  shows  that  both  HAN  and  'iEAN  disappeared 
more  rapidly  from  China  Lalre  B  soil  than  from  Picatinny  A  soil.  China 
Lake  B  was  classified  as  silty  sand  and  Picatinny  A  was  classified  as  sandy  silt 
(see  Table  19).  Picatinny  A  had  a  higher  organic  matter  content  than  did 
China  Lake  B,  2.92  pcicent  versus  0.53  percent,  wliieh  may  have  contributed 
to  the  stability  of  both  dilute  HAN  and  TF.AN  in  Picatinny  A  soi'.  The  pH  of 
Uic  effluent  from  the  soil  columns  was  not  measured,  so  its  role  in  reducing 
the  transformation  rate  oi  dilute  HAN  and  IEAN  in  Picatinny  a  soil  is  not 
known. 

The  values  of  the  partition  coefficient.  Kd,  were  nearly  constant  lor  each 
species  in  each  soi!  with  no  trend  of  Kd  increasing  or  decreasing  with  velocity 
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Table  27 

Dispersion,  Adsorption,  Reaction,  and  Partitioning 

Characteristics  of  China  Lake  B  Soil  for  the  Tracers  HAN,  TEAN, 

|  and  Chloride  Ion 

a 

V 

D 

X 

A 

Column 

ern 

cm/s 

r;mJ/n 

R 

n’ 

ern’/g 

t* 

1 - 

A-HAN 

0.412 

19  27 

E-4 

7.94 

E-4 

1 .587 

25  3 

E-6 

0  112 

0.9B 

B-HAN 

0.714 

9  41 

E  4 

6  7>; 

E-4 

1.308 

5.57 

E-5 

0.083 

0  96 

C-HAN 

0.753 

2  23 

E-4 

1.68 

E-4 

1.473 

0  989 

E-6 

0095 

0.98 

1 

A-TEAN 

| 

2.152 

19  27 

E-4 

41  46 

E  4 

13.385 

43  16 

E-6 

2371 

0  98 

1 

B-TEAN 

3.194 

8  41 

E-4 

30.06 

E-4 

10.514 

15.06 

E-5 

2  564 

0.95 

C-TEAN 

2.368 

2.23 

E-4 

5.28 

E-4 

16061 

4  15 

E-5 

2015 

0.89 

A-Cr 

0.267 

19.3 

E-4 

ft" 

1.381 

7  09 

E-5 

0  072 

0  97 

3-CI 

0.223 

9.40 

E-4 

E-4 

1  .oco 

1.69 

E-5 

0.000 

0  99 

C-CI 

0.417 

1  75 
£-4 

0.73 

E-4 

1  081 

0.23 

E-5 

0016 

0.99 

The  chloride  iou  had  a  small  Kd  for  both  China  Lake  B  and  Picatinny  A  soils, 
which  is  consistent  with  enhanced  cliloride  ion  adsorption. 

The  partition  coefficient  is  expected  to  be  constant,  regardless  of  flow 
velocity  for  a  particular  soil  exposed  to  a  particular  species  of  chemical  such 
as  KAN  or  TEAM.  This  expectation  was  confirmed  (Tables  27  and  28). 

Tile  values  of  r2  were  high  in  all  cases,  indicating  a  close  fit  between  the 
mathematical  model  and  the  measured  data. 

The  effluent  concentration  distribution  curves  show  the  influence  of  disper¬ 
sion,  retardation,  and  reactions.  Dispersion  is  manifested  as  a  spreading  out  of 
die  effluent  concentration  over  more  pore  volumes.  If  there  were  no  disper¬ 
sion,  then  tht  effluent  concentration  distribution  would  appear  as  a  high, 
narrow  spike  at  a  pore  volume  of  1  (retaidation  could  delay  the  appearance  oi 
the  spike,  but  would  not  chi  'r  us  shape).  Figures  24,  25,  and  26  show  the 
spreading  eflect  of  dispersio; 

Reaction  or  transformation  o!  a  species  is  manifested  as  a  decrease  in  the 
area  under  the  effluent  distribution  curve.  Reaction  or  transformation  is 
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Table  28 

Dispersion,  Adsorption,  Reaction,  and  Partitioning  Characteris¬ 
tics  of  Picatinny  A  Soil  for  the  Tracers  HAN,  TEAN,  and  Chloride 
Ion 


— - 

a 

V 

D 

K 

Column 

cm 

cm/s 

em’/s 

R 

8  ' 

enrP/Q 

r3 

D-HAN 

0  472 

1.36 

0  651 

2  347 

0  24 

0.586 

0  98 

E-4 

E-4 

E-5 

E-HAN 

1.431 

3.51 

5.024 

2634 

0  00 

0  773 

0  96 

E-4 

E-4 

F-HAN 

e  ns 

4.63 

0  537 

2.101 

1.054 

0.504 

0.98 

E-4 

E-4 

E-5 

D-TEAN 

1  359 

.  , 

1.38 

1.875 

2  882 

0  231 

0918 

0.97 

e-4 

E-4 

L-5 

E-TEAN 

2.101 

3.51 

7.375 

?  859 

0.046 

0  879 

0  96 

E-4 

E-4 

E-5 

F-TEAN 

0.711 

4  53 

3.290 

2  293 

1.235 

0  592 

0  98 

E-4 

E-4 

— 

E-5 

D-C1 

0  431 

1  23 

0.530 

1  263 

1.075 

0  103 

0  99 

E-4 

E-4 

E-5 

E-C1 

0  691 

"" 

1  87 

1 .203 

1  452 

3.523 

0.192 

0  99 

E-4 

E-4 

E-5 

F-C1 

0726 

4  55 

3305 

1.286 

1.208 

0  118 

0  99 

E-4 

E-4 

E-5 

difficult  to  document  from  a  single  concentration  distribution  curve  as  shown 
in  Figures  24,  25,  and  26. 

Retardation,  which  comes  about  from  a  species  adsorbing  and  then  desorb¬ 
ing  from  the  soil,  manifests  itself  as  a  delay  in  appearance  of  the  species  in  the 
column  effluent.  If  there  were  no  retardation,  then  the  peak  concentration 
would  appear  at  a  pore  volume  of  1. 

The  theoretical  model,  Equation  26,  permits  the  simultaneous  determination 
of  the  dispersion,  decay,  and  retardation  eharactciistics  of  HAN,  TEAN,  and 
chloride  ion  in  China  Lake  B  soil  The  solid  curves  in  Figures  24,  25,  and  26 
are  the  best  fit  ol  the  theoretical  model  to  the  experimental  data.  The  curves 
show  that  TEAN  had  a  greater  retardation  in  China  Lake  B  soil  than  did  HAN. 
The  value  of  Kd,  tine  distribution  coefficient,  is  calculated  irom  the  retardation 
coefficient  by  an  equation  defined  with  Equation  26.  From  the  shape  of  the 
TEAN  and  HAN  distribution  curves,  TEAN  has  a  larger  Ka  than  does  HAN. 

Figures  27,  28,  and  29  show  the  efiluent  concentration  distribution  curves 
for  HAN,  TEAM,  and  chloride  ion  for  Picatinny  A  soil.  The  chloride  ion  was 
injected  into  the  column  as  an  instantaneous  mass  loading  so  the  interpretation 
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of  the  effluent  distribution  curves  in  Figure  29  is  the  same  as  it  was  for  China 
Lake  B  soil.  Chloride  ion  showed  a  small  retardation  and  reaction.  These 
results  show  that  the  previously  applied  LP  altered  the  Picatinny  A  soil  surface 
so  it  reacted  with  and  adsorbed  chloride  ion. 

The  LP  loading  to  Picatinny  A  soil  was  a  step  increase  in  concentration 
(see  Table  23).  The  effluent  concentration  distribution  is  described  by  Equa¬ 
tion  28.  Dispersion  manifests  itself  on  Figures  27  and  28  thiough  the  slope  of 
the  rising  limb  of  the  concentration  distribution  curve.  A  small  dispersion 
value  results  in  a  steep  slope  to  the  concentration  distribution  curve.  For 
example,  HAN  in  column  E,  Figure  27,  has  a  larger  dispersion  coefficient  than 
it  docs  in  columns  D  or  F. 

Reaction  or  transformation  is  manifested  by  the  value  of  C/C0  leveling  off 
to  a  value  of  less  than  1.  For  example,  in  Figure  27,  HAN  shows  a  transfor¬ 
mation  reaction  in  Picatinny  A  soil  in  columns  D  and  F,  but  not  in  column  E. 
Similarly,  in  Figure  28,  TEAN  shows  more  transformation  in  columns  D  and  F 
than  it  does  in  column  E. 

Retardation  is  shown  in  Figures  27  and  28  by  a  delay  in  HAN  and  TEAN 
being  measured  in  the  effluent.  If  there  were  no  retardation,  the  effluent 
concentration  ratio  C/Q  at  1  pore  volume  should  be  half  of  the  final  effluent 
concentration.  Both  HAN  and  TEAN  show  the  impact  of  retardation  on  the 
concentration  distribution  cuive. 

Conclusions 

Runoff  and  infiltration  conclusions 

When  spilled  onto  soil  surfaces,  LP  runoff  and  infiltration  behavior  docs 
not  differ  significantly  from  the  behavior  of  water. 

Equations  to  predict  how  far  a  given  volume  of  spilled  LP  will  flow  on  a 
soil  surface  before  infiltrating  into  the  soil  are  subject  to  large  errors  for  both 
LP  and  water  as  each  frequently  prefers  to  fiow  as  a  rivulet  rather  than  as  a 
thin  sheet.  A  rivulet  will  travel  farther  than  a  thin  sheet  for  the  same  volume 
of  spill. 

Both  LP  and  water  infiltrate  into  soil  in  a  well-behaved  manner  and  show 
relatively  little  data  scatter.  Both  fluids  continue  to  migrate  deeper  into  the 
soil  after  the  free  liquid  disappears  from  the  soil  surface.  A  combination  of 
gravity  and  capillary  forces  keeps  the  fluids  moving. 
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Movement  of  undiluted  LP  in  soils 


LP  reacted  by  producing  gas  bubbles  as  it  flowed  through  Picatinny  A, 
Socorro  P,  WES  Reference,  and  Yuma  2A  soils.  The  chemical  reaction 
disturbs  the  soil  surface,  increasing  porosity  and  resulting  in  a  froth  on  the 
pooled  LP. 

LP  expanded  the  volume  of  the  soils  except  for  China  Lake  B.  Picatinny  A 
soil  expanded  by  52  percent,  Socorro  P  by  32  percent,  WES  Reference  by 
26  percent,  and  Yuma  2A  by  21  to  35  percent. 

HAN  and  TEAN  underwent  decay  and  sorption  when  undiluted  LP  flowed 
into  dry  soil  under  the  driving  force  of  gravity  and  applied  water.  The  concen¬ 
trations  of  HAN  and  TEAN  were  reduced  by  at  least  50  percent  in  China 
Lake  B,  Picatinny  A,  Socorro  P,  WES  Reference,  and  Yurna  2A  soils  after 
flowing  through  10  cm  of  formerly  dry  soil. 

Flow  velocities  for  HAN  and  TEAN  were  less  than  that  of  the  bulk  liquid 
during  flow  into  dry  soils.  This  retardation  is  evidence  of  sorption.  In 
addition,  HAN  and  TEAN  retardation  promotes  chemical  reactions  behind  the 
wetting  front  with  the  result  that  gaseous  reaction  products  sometimes  became 
trapped.  In  Yuma  2 A  soil,  the  gaseous  reaction  products  formed  temporary 
cavities  in  the  soil. 


Dilute  LP  movement  In  soils 

Dilute  concentrations  of  HAN  and  TEAN  exhibited  mixing  or  dispersion 
characteristics  that  arc  distinct  to  each  species  even  when  both  flowed  at  the 
same  time. 

Dilute  concentrations  of  HAN  and  TEAN  decay  as  they  flow  through  China 
Lake  B  and  Picatinny  A  soils. 


Other  conclusions 

Methylene  blue  dye  is  removed  from  LP  by  adsorption  as  it  percolates 
through  China  Lake  B  soil. 

Chloride  ion  that  was  applied  to  China  Lake  B  or  Picatinny  A  soil  after 
diluted  LP  had  percolated  through  was  partially  removed  by  reaction  and 
adsorption.  This  removal  is  in  contrast  to  the  usual  conservative  behavior  cl' 
the  chloride  ion,  which  docs  not  react  or  adsorb  in  soils. 
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4  Effects  on  Soil  Microflora1 


Introduction 

Rationale 

Very  little  is  known  about  the  interactions  between  LP  and  the  soil  biota. 
Microorganisms  respond  rapidly  to  changes  in  their  environment  and  are 
therefore  particularly  sensitive  indicators  of  possible  toxic  effects  of  LP  on  the 
other  soil  biota.  For  this  reason,  recovery  of  microorganisms  from  adverse 
effects  of  LP  can  also  demonstrate  the  effectiveness  of  spill  remediation 
measures  in  removing  toxicity. 

Since  LP  is  used  in  a  highly  concentrated  form,  reactions  between  LP  and 
the  soil  fabric  and  between  LP  and  the  soil  microorganisms  will  likely  be  most 
intense  immediately  following  a  spill.  Both  positive  and  negative  impacts  arc 
possible.  The  high  nitiogen  content  of  LP  may  make  an  excellent  fertilizer  for 
soil.  If  this  is  the  case,  then  the  net  effect  of  a  spill  will  be  to  stimulate  micro¬ 
bial  growth,  and  spill  response  measures  will  be  quite  different  than  if  toxicity 
is  observed.  Alternatively,  the  spill  may  rapidly  eliminate  die  soil 
microorganisms. 

The  purpose  of  this  test  was  to  correlate  changes  in  LP  associated  with  soil 
sorption  or  LP  reaction  with  the  soil  to  changes  in  numbers  of  soil  microorgan¬ 
isms.  An  immediate  toxic  effect  may  require  that  the  LP  be  neutralized  soon 
after  the  spill.  To  determine  immediate  effects  of  LP,  the  soil  microflora  was 
monitored  for  changes  in  levels  of  selected  groups  of  microorganisms  during  a 
soil  sorption  test.  ff  a  delayed  toxic  effect  occurs,  the  next  consideration  is  the 
length  of  contact  time  required  for  the  toxic  effect  to  be  exerted.  If  LP 
requires  several  hours  of  contact  to  begin  impacting  soil  microorganisms,  the 
spill  response  team  will  have  some  time  following  the  spill  to  preveni  any 
harmful  long-term  effects.  Required  response  time  may  be  sufficient  to  allow 
consideration  and  selection  of  the  most  appropriate  measurc(s)  for  a  given  site. 
Alternatively,  several  days  of  contact  may  be  required  for  a  tcxic  effect  to 


1  By  Douglas  Gunnison  and  Judith  C.  Pennington,  U.S.  Army  Engineer  Waterways  Experiment 
Station;  John  R  Marccr,  American  Scientific  Internauonal  Corp. 
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become  evident.  If  this  is  the  case,  the  question  is  whether  or  not  a  dentri- 
mental  effect  will  occur  if  the  spill  is  left  unattended.  In  this  event,  the 
concentration  of  the  LF  contacting  the  soil  may  be  important,  i.e.,  whether  the 
LP  entering  the  soil  is  undiluted  or  whether  it  is  diluted  to  some  extent  by 
mixing  with  water  present  at  the  soil  surface.  If  dilution  is  selected  as  an 
immediate  remediation  measure,  what  response  will  the  microorganisms  make, 
or  what  effect  will  dilution  have  on  LP  interactions  with  the  microbes?  Each 
of  these  scenarios  was  examined  in  short-  and  long-term  contact  tests  during 
which  the  fate  of  LP  components  and  a  broad  spectrum  of  soil  microorganisms 
war  observed. 

If  LP  exerts  a  toxic  effect  on  the  soil  microflora,  can  this  be  described  in 
terms  that  can  be  easily  understood?  One  possible  means  of  accomplishing 
this  is  to  compare  the  impact  of  LP  with  the  impact  of  a  common  laboratory 
chemical  on  the  same  soil  micioorganisms.  LP  was  observed  to  have  an  acid 
pH;  also,  it  contains  nitro  groups.  In  addition,  nitric  acid  is  apparently  one  of 
the  main  reactants  during  LP  decomposition.  For  these  reasons,  nitric  acid  was 
selected  for  the  comparison.  Concentrated  nitric  acid  (typically  1 1  N  for 
70  percent  by  weight)  was  expected  to  have  strong  interactions  with  soil, 
immediately  digesting  many  soil  components,  including  any  microorganisms 
present.  For  this  reason,  1.0  normal  (1  .ON)  nitric  acid  was  used  as  the  strength 
of  nitric  acid  comparable  to  undiluted  LP  during  the  testing.  One-tenth  normal 
(0.1N)  nitric  acid  was  used  as  the  strength  of  nitric  acid  comparable  to  dilute 
LP  during  the  tests.  Nitric  acid  testing  was  also  conducted  in  short-  and  long¬ 
term  contact  studies  to  provide  testing  comparable  to  that  done  to  determine 
the  impact  of  LP  on  soil  microorganisms.  During  these  tests,  the  same 
microorganisms  were  evaluated  as  for  the  short-  and  long-term  LP  contact 
tests. 


Objectives 

The  objectives  of  this  study  were  to  determine  the  immediate  and  long- tern 
effects  of  diluted  and  undiluted  LP  on  the  soil  microflora.  The  short-  and 
long-term  effects  of  0.1N  and  LON  nitric  acid  on  die  soil  microflora  were  also 
determined  to  provide  a  reference  to  a  common  laboratory  chemical.  The 
microorganisms  examined  in  both  studies  were  restricted  to  native  populations 
of  actinomycetcs,  bacteria,  and  fungi. 

Materials  and  Methods 

Effects  of  LP  on  the  soil  mitrofiora  were  evaluated  by  conducting  three 
tests;  (a)  a  soil  sorption  kinetics  test,  (b)  a  short-term  contact  test,  and  (c)  a 
long-term  contact  test.  The  effects  of  short-  and  long-term  contact  tests  with 
LP  were  then  compared  with  short-  and  long-term  tests  conducted  with  0.1  and 
LON  nitric  acid  (HN03).  Microorganisms  in  Picatinny  A  and  Yuma  2A  soils 
only  were  monitored  during  adsorption  kinetics  tests  in  which  both  soils  were 
exposed  to  undiluted  LP  and  to  LP  diluted  50:50  with  distilled  water  (diluted 
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LP).  In  short-term  contact  tests  with  LP,  microbial  populations  in  BRL-SAS 
B,  Picatinny  A,  and  Yuma  2A  soils  were  monitored  over  time  following  a 
brief  (1  hr)  contact  with  diluted  cr  undiluted  LP.  Long-term  contact  tests  were 
monitored  to  assess  microbial  recovery  after  exposing  the  three  soils  to  diluted 
or  undiluted  LP  for  90  days.  In  the  comparative  studies,  microbial  populations 
in  Picatinny  A  soil  were  r*~-  iiored  over  the  same  short-  and  long-term  contact 
period  using  diluted  (O.iN,)  or  undiluted  (1.0N)  HN03  rather  than  diluted  and 
undiluted  LP. 

A  literature  review  was  conducted  with  the  DIALOG™  Search  System 
(databases  given  in  Attachment  1)  to  obtain  a  better  understanding  of  the  effect 
of  HN03  and  pH  on  soil  microorganisms.  Search  categories  included  bacteria, 
fungi,  actinomycetes,  microorganisms,  nitric  acid,  nitrate,  nitrate  fertilizers, 
toxicity,  inhibition,  and  pH  effects. 


Enumeration  of  microflora  In  control  and  test  samples 

Oven  dry  weights  were  obtained  for  each  soil  and  for  each  soil  slurry  in 
order  to  calculate  the  number  of  microorganisms  per  gram.  This  was  done  by 
drying  10  g  of  moist  soil  to  constant  weight  at  105  °C. 

To  enumerate  microorganisms  in  each  soil  before  contact  with  LP  or  HNO, 
(controls),  the  equivalent  of  10-g  ODW  soil  were  placed  into  a  dilution  bottie 
containing  90  mL  of  phosphate-buffered  saline  (PBS).  The  slurry  was  carried 
through  a  tenfold  dilution  series  using  conventional  techniques.  One-tenth  mL 
from  each  dilution  was  spread  onto  peptone-iryptone-yeast  extract-glucose  ager 
fPTYG)  to  enumerate  bacteria,  glycerol  agar  (GA)  to  enumerate  actinomycetes, 
and  potato  dextrose  agar  (PDA)  to  enumerate  fungi  (Table  29).  Dilutions  of 
soils  in  contact  vdth  LP  were  also  spread  on  basal  salts  agar  with  LP  (BSA- 
LP)  to  enumerate  microorganisms  utilizing  LP  as  a  carbon  source  and  basal 
salts  agar  with  LP,  but  lacking  an  additional  nitrogen  source  (BSA-N-LP)  to 
enumerate  microorganisms  utilizing  LP  as  both  a  carbon  and  a  nitrogen  source 
(Tabic  29).  Soils  in  contact  with  HN03  were  spread  on  basal  salts  agar  with 
0. IN  HN03  (BSA-DNA)  or  basal  salts  agar  with  LON  HN03  (BSA-CNA)  to 
enumerate  microorganisms  able  to  tolerate  0.1N  or  LON  HN03,  respectively 
(Tabic  29). 

In  order  to  enumerate  microorganisms  in  each  contact  test  slurry,  5  mL  of 
each  slurry  was  placed  into  a  dilution  bottle  containing  95  mL  of  PBS.  The 
slurry  was  carried  through  a  twcntyfold  dilution  scries  using  conventional 
techniques.  One-tenth  mL  from  each  dilution  was  spread  onto  each  of  the 
above  media  under  the  conditions  described. 

All  plates  were  incubated  at  room  temperature.  After  incubation  colonies 
were  counted  on  plates  containing  30  to  300  colonies. 
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Table  29 

Media  for  Enumeration  of  Soil  Microfiora 


J 


Medium 

Contents 

Microbial 

Specificity 

PTYG’ 

0.5-g  glucose,  0.5-g  peptone,  0  25-g  tryptone. 

0.5-g  yeast  extract,  0  25-g  magnesium  sulfate. 

0  07-g  calcium  chlonde,  15-g  agar.  1-L  reverse 
osmosis  (RO)  water 

Bacteria 

Potato  dextrose  agar 
(PDA)2 

39-g  potato  dextrose,  1-L  tap  water 

Fungi 

Glycerol  agar  (GA) 

10-g  glycerol,  1-g  sodium  asparaginate,  1-g 
sodium  asparaginate,  1-g  potassium  phosphate, 

ISg  agar.  1-L  tap  water 

Actinomycetes 

Basal  salts  agar  with 
liqiud  propellant  (BSA  LP) 

0  4-g  ammonium  nitrate.  0  1-g  potassium  phosphate. 

0.05-g  potassium  diphosphate,  0.05-g  magnesium  sulfate, 
0.02-g  manganese  chloride,  0  005-g  calcium  chlonde, 

0  005-g  ferrous  chlonde,  0  2-g  calcium  carbonate, 

1-L  tap  water,  and  5-mL  LP 

M'crobes  utilizing 
liquid  propellant 
as  a  sole  carbon 

source 

Basal  salts  agar  with  liquid 
propellant,  without  additional 
nitrogen  (BSA-N  LP) 

0  1-g  potassium  phosphate,  0.05-g  potassium  diphos¬ 
phate,  0  05-g  magnesium  sulfato,  0.02-g  manganese  chlo¬ 
ride,  0.005-g  calcium  chloride,  0.005  g  ferrous  chloride, 

0  2-g  calaum,  0.2-g  calcium  carbonate,  1-L  tap  water,  and 
5-mL  LP 

Microbes  utilizing 
liquid  propellant  as 
a  sols  carbon  and 
nitrogen  source 

i  phr»rr\h»*3*Q,hi  iffnrori  rnlino 

{PBS) 

7  S  m L  (0  1 M)  sodium  phosphsts  2  2*mL  (0  1M) 
potassiuni  phosphate,  90.0-mL  90-mL  tu  85%)  saline 

Dilution  medium 

Basal  salts  agar  with  O.IN 
HNOj  (BSA-DNA)  or  1  ON 
HN03  (BSA-CNA) 

BSA-DNA:  Mix  900  mL  of  BSA  containing  15  g  of  agar 
made  as  for  BSA-LP  with  100  mL  of  1  ON  HN03,  after 
autoclaving  each  separately.  BSA-CNA  Mix  900  mL  of 

BSA  containing  15  g  of  agar  made  as  for  BSA-LP  with 

100  mL  of  10N  HNOj,  after  autoclaving  each  separately 

Acid  tolerant 
bacteria 

1  PTYG  -  Peptone-tryptone-yeast  extract-glucose  agar. 

2  Commercially  available  mixture 

Acridine  orange  direct  count  of  microbes 

Soil  samples  from  the  short-  and  long-term  contact  tests  with  and  without 
LP  and  with  0  IN  and  1.0N  HN03  were  also  prepared  for  acridine  orange 
direct  count  (AODC)  using  the  acridine  orange  staining  procedure  of 
W.  F.  Ghiorse  and  L.  Anguish  (personal  communication,  Cornell  University, 
April  1993),  which  is  summarized  below. 

Soil  samples  were  fixed  immediately  upon  retrieval  from  tests  and  then 
stored  at  4  °C.  The  fixation  procedure  was  as  follows.  Three  2.5-g  subsatn- 
ples  of  each  soil  were  weighed  aseplically  inio  separate  tared,  sterile 
Erlcnmeycr  fiasks.  These  were  sealed  with  sterile  rubber  stoppers.  Twenty- 
two  mL  of  sterile  0.1 -percent  sodium  pyrophosphate  (Na4P2O4*10  H20) 
adjusted  to  pH  7.0  was  added.  This  represented  a  1:10  dilution  of  the  original 
sample.  The  flasks  were  mixed  on  a  rotary'  shaker  at  150  rpm  at  25  °C  for 
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45  min.  After  shaking,  the  suspension  was  allowed  to  settle  for  2  min, 
permitting  the  large  particles  to  settle  out  and  leaving  a  homogeneous  suspen¬ 
sion  in  the  supernatant.  A  9.0-mL  portion  of  the  suspension  was  transferred 
ascptically  from  each  flask  to  an  autoclaved  25-mL  scintillation  vial.  A 
1.0-mL  portion  of  molten  1 -percent  aqueous  Noble  agar  containing  0.1  mL  of 
50-percent  glutaraldehydc  was  added  to  each  of  the  vials.  The  vials  were 
immediately  mixed  on  a  vortex  mixer  and  stored  at  25  °C  until  the  staining 
procedure  described  below  was  executed  the  same  week. 

To  stain  the  fixed  soil  samples,  two  5-pL  samples  from  each  vial  were 
spread  uniformly  onto  a  glass  microscope  slide  having  two  1.1 -pm  inside 
diameter  ceramic  circles  stamped  into  the  surface.  Smears  were  air-dried  and 
stained  for  2  min  with  a  few  drops  of  0.01-perceni  acridine  orange  containing 
0.5  pg/mL  of  4,6-diamidino-2-phenyl-indole  (DAPI)  dihydrochloride.  The 
smears  were  washed  with  20  mL  of  1  M  NaCl  and  rinsed  briefly  with  water. 
After  excess  water  was  allowed  to  evaporate,  15  pL  of  a  0.2-pm  filtered 
DABCO  (l,4-Diazabicyclo[2,2,2]octane)  was  dropped  onto  the  smear.  The 
smear  was  then  covered  and  sealed  with  a  50:50  mixture  of  vaseline  and 
paraffin. 

An  agar  blank  was  prepared  by  mixing  9  mL  of  0.1 -percent  sodium 
pyrophosphate  with  agar  and  glutaraldehyde  as  described  in  the  above  fixation 
procedure.  The  blank  was  prepared  on  each  batch  of  slides  to  give  a  back- 
g  ound  count. 

All  smears  were  examined  under  phase  contrast  and  blue  light  epi- 
lumination  using  40X  and  100X  oiled  phase  contrast  and  bright  field 
objectives  with  10X  wide  field  eyepieces.  Fields  counted  were  1  mm  from  the 
border  of  the  stamped  circular  area  in  a  region  of  average  soil  thickness. 

Living  hererotrophic  bacteria  fluoresce  green,  while  inactive  cells  (dead)  or  soil 
particles  fluoresce  red  or  yellow.  Ten  to  twenty  fields  were  observed  for  each 
subsample.  Fields  with  10  to  100  cells  were  considered  optimal  for  counting. 
The  most  accurate  counts  were  obtained  when  the  100X  bright  field  objective 
lens  was  employed  with  epi  illumination  because  this  permitted  identification 
of  smaller  cells.  Phase  contrast  microscopy  was  used  to  distinguish  between 
cells  and  other  fluorescent  organic  matter  when  distinctions  were  difficult. 


Adsorption  kinetics  tests 

Bacteria  in  Picatinny  A  and  Yuma  2A  soils  were  enumerated  during  the 
adsorption  kinetics  test  at  1  hr,  6  hr,  24  hr,  2  days,  and  5  days.  Ten-millimeter 
samples  were  taken  from  slurries  containing  a  1 :4  ratio  of  soil  to  undiluted  LP 
or  to  a  50:50  dilution  of  LP  in  sterile  RO  water.  Five  milliliters  were  also 
used  in  a  twentyfold  dilution  serie .  to  determine  the  microbial  number,  and 
five  milliliters  were  used  to  determine  the  ODW  of  the  slurry  aliquot. 
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Short-term  contact  tests 


A  1:5  slurry  of  sieved  (<2  mm)  soil  (ODW)  to  undiluted  LP,  diluted  LP, 
0.1N  HN03,  or  1.0N  HN03  was  placed  info  individual  centrifuge  bottles  stop¬ 
pered  with  puff  plugs.  The  bottles  were  placed  onto  an  orbital  water  bath 
shaker  beneath  the  hood  and  incubated  for  1  hr  at  30  °C  and  75  rpm.  The 
bottles  were  removed,  and  the  soil  was  washed  three  times  with  sterile  RO 
water.  Phases  were  separated  each  time  by  centrifugation  at  4,976  x  g  for 
15  min.  Soils  were  resuspended  in  RO  water  to  the  1:5  ratio. 

After  the  final  wash,  soils  were  diluted  (l-5)  in  RO  water  and  transferred  to 
125-mL  Erlenmeyer  flasks  stoppered  with  sterile  puff  plugs.  These  flasks  were 
incubated  on  an  orbital  shaker  at  30  °C  and  75  rpm.  Samples  were  taken 
immediately  for  AODC  and  associated  nutrient  agar  plate  counts,  and  for  anal¬ 
ysis  of  HAN  and  THAN.  Results  from  the  short-  and  long-term  LP  contact 
studies  indicated  good  correspondence  between  AODC  results  and  the  values 
obtained  on  nutrient  agar  (see  results  section).  Consequently,  nutrient  agar 
plate  counts  were  not  made  for  the  HN03  treatments.  A  second  sample  for 
AODC  was  taken  after  5  days  of  incubation  with  0.1N  or  1.0N  HN03.  Addi¬ 
tional  samples  for  microbial  enumeration  by  plate  count  were  taken  after  6  hr, 
24  hr,  5  days,  28  days,  and  90  days  of  incubation.  A  final  Picatinny  A  sample 
was  collected  after  90  days  of  incubation  for  AODC  in  the  LP  and  HN03  treat¬ 
ments  and  to  determine  HAN  and  TEAN  concentrations  in  the  LP  treatment 


Long-term  contact  tests 

A  1:5  slurry  of  soil  to  either  undiluted  LP,  a  50:50  dilution  of  LP  in  RO 
water,  1.0N  HN03,  0.1N  HN03,  or  RO  water  alone  (control)  was  incubated  in 
125-mL  Erlenmeyer  flasks,  as  previously  described.  All  slurries  were  sampled 
for  microbial  enumeration  by  dilution  plating  after  i  hr,  6  hr,  24  hr,  5  days, 

28  days,  and  90  days  of  contact.  Slurries  containing  undiluted  or  diluted  LP 
were  sampled  for  AODC  microbial  enumeration,  and  HAN  and  TEAN  concern 
nations  after  1  hr,  5  days,  and  90  days.  Slurries  containing  1.0N  or  0.1  N 
HN03  were  sampled  for  AODC  microbial  enumeration  after  1  hr,  5  days,  and 
90  days.  Control  slurries  were  sampled  for  HAN  and  TEAN  concentrations 
after  1  hr  and  90  days.  These  camples  were  used  to  detect  any  background 
interferences  in  the  analytical  procedure.  Since  LP  and  HN03  remained  in 
slurry  samples,  samples  could  not  be  heated  to  obtain  ODW.  Therefore,  dry' 
weights  for  all  tests  were  based  on  ODW  of  the  controls  sampled  after  1  hr 
and  45  days. 


Processing  of  samples  from  short-  and  long-term  contact  tests 

AODC,  HAN,  and  TEAN  samples.  The  shaker  speed  was  increased  from 
75  to  300  rpm  for  sampling.  A  5-mL  sample  from  each  replicate  was  centri¬ 
fuged  at  7,433  x  £  for  15  min.  ’lac  supernatant  was  analyzed  for  HAN  and 
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THAN,  and  the  pellet  was  analyzed  for  microorganisms  after  serial  dilution  and 
plate  count. 

Microbial  enumeration.  Five  milliliters  of  slun^y  were  carried  through  a 
conventional  dilution  series  in  PBS.  A  0. 1-mL  sample  of  the  solution  was 
plated  for  colony  counting. 


Results 

Microbial  populations  before  contact  with  LP  (controls) 

Bacteria  were  detected  in  BRL-SAS  B,  Picatinny  A,  and  Yuma  2A  soils 
cultured  on  PTYG  (Table  30).  However,  levels  ol  bacteria  in  Yuma  2A  soils 
were  extremely  low,  while  the  levels  in  BRL-SAS  B  and  Picatinny  A  were 
typical  of  those  normally  found  in  soils  (Alexander  1977).  Fungi  and 
aciinomycetes  were  also  present  in  BRL-SAS  B  and  Picatinny  A  soils,  but  not 
in  Yuma  2A.  No  microorganisms  able  to  utilize  LP  as  sources  of  nitrogen  or 
carbon  were  detected  in  any  of  the  soils. 


Table  30 

Numbers  of  Microorganisms  In  Soils  Prior  to  Contact  with  LP 

Medium 

Colony-Forming  Units  Per  Gram  Dry  Weight  of  Soil  +  Standard  Error' 

BRL-SAS  B 

Picatinny  A 

Yuma  2A 

PTYG 

5.4  x  10*  ±  3  1  x  10s 

1.1  X  10*  ±  1.2  X  10* 

3  9  x  103±  4.2  x  102 

PDA 

0.0 

8.8  x  10’ ±  2.5  x  103 

0.0 

GA 

4  3  x  105±  5.2  x  10‘ 

8.8  x  10!  ±  1.0  x  105 

0.0 

BSA  LP 

00 

0.0 

0.0 

BSA-N  LP 

0.0 

0  0 

0.0 

'  The  lowest  dilution  used  for  each  soil  sample  was  1  x  102 

Adsorption  kinetics 

No  microorganisms  were  recovered  over  the  5-day  monitoring  period  on 
any  of  the  media  with  Yuma  2A  soil  in  contact  with  either  undiluted  or  diluted 
LP.  This  reflects  the  initial  low  populations  in  this  soil  (Table  30)  from  which 
any  decrease  dropped  the  levels  below  the  detection  limit  of  1  x  102  micro¬ 
organisms  per  gram  ODW. 

No  microorganisms  were  recovered  from  Idcatinny  A  soil  samples  in  con¬ 
tact  with  undiluted  LP  on  any  media.  The  initial  levels  of  bacteria  and 
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actinomycctes  present  in  Picatinny  A  soil  declined  by  one  to  two  orders  of 
magnitude  within  the  first  hour  of  contact  with  dilute  LP  (Table  31).  After 
24  hr  of  contact,  neither  bacteria  nor  actinomycetes  grew  (Table  31).  The  lack 
of  a  sufficiently  large  microbial  population  in  Yuma  2A  soil  and  the  lack  of 
any  growth  with  undiluted  LP  in  Picatinny  A  soil  obscured  relationships 
between  microbial  responses  and  the  physical-chemical  responses  of  soils  to 
LP.  Likewise,  the  rapid  decrease  in  microbial  numbers  in  Picatinny  A  soil 
contacting  dilute  LP  provided  insufficient  data  to  correlate  trends  in  microbial 
numbers  with  physical-chemical  responses.  Nevertheless,  these  results  were 
indicative  of  the  inhibitory  effects  of  LP  on  microbes  which  were  later  con¬ 
firmed  in  other  parts  of  the  study. 


Table  31 

Numbers  of  Microorganisms  Present  In  Picatinny  A  Soil  Treated 
with  Dilute  LP  In  Adscrp  ’on  Kinetics  Study 

Medium1 

LP  Contact  1  hr 

Colony-Forming  Units  Per  Gram  Dry 
Weight  Soil  ±  S.E.2 

PTYG 

0 

1.1  X  10‘±  1.2  X  10’ 

0.5 

7.2  x  10‘±  1  7x  10' 

1 

2.3  x  104±  3.5  x  101 

2 

2.0  x  10' ±  6.0  x  103 

6 

1.4  x  10' ±  8.5  x  101 

24 

9.3  x  in'  ±  1  0  x  10' 

48 

0.0 

120 

0.0 

GA 

0 

8.8  x  10’ ±  1.0  x  1r' 

0.5 

0.0 

1 

3.7  x  103  ±  2  0  x  ICl3 

2 

1.9  x  10‘ ±  2  5  x  105 

6 

1.8  x  10'  ±  2  7  x  103 

24 

2.6  x  10' ±  5.8  x  103 

48 

0.0 

120 

00 

1  Contact  with  LP  prevented  growth  of  microbes  on  the  other  media  usod  in  this  test  at  all 

contact  times.  Therefore,  these  medio  were  not  entered  into  the  table. 

2  The  lowest  dilution  used  for  each  soil  sample  was  1  x  102  therefore,  ths  detection  limit  was 

100  CFUs/g  of  soil  (ODW) 

Short-  and  long-term  contact  tests 

Changes  in  LP  components.  Due  to  lack  of  homogeneity  in  variances, 
discussions  are  confined  to  trends  in  the  data.  Recoveries  of  HAN  and  THAN 
from  the  aqueous  phase  of  controls  and  the  short-  and  long-term  contact  tests 
are  shown  in  Table  32.  The  trace  of  HAN  detected  in  control  samples  from 
each  of  the  soils  at  1  hr  should  be  regarded  as  an  artifact  of  the  analysis,  since 
it  is  well  below  the  1,000-ppm  region,  where  tire  detection  of  these  compounds 
is  at  maximum  sensitivity.  The  three  rinses  removed  most  of  the  HAN  and 
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Table  32 

HAN  and  TEAN  Recoveries  for  Aqueous  Phase  of  Short- 
Long-Term  Contact  TeGis 

and 

i 

Sot! 

Treatment 

LP 

Contact 

Time 

Concentration  of  LP  Component 
(ppm)  (Mean  +  S.E.)’ 

HAN 

TEAN 

BRL-SAS  B 

Control 1 

1  Hour 

5  ±  0 

03 

Short-term  contact 

1  Hour 

322  ±  74 

125  +  3033  | 

Long-term  contact 

Undilutod  LP 

1  Hour 

854,633  ±  8.177 

295,967 

±  7,244 

5  Days 

803,000  ±  30,000 

283,000 

±  18,500 

90  Days 

858,250  ±41,550 

282,500 

±  24,500 

Diluted  LP 

1  Hour 

358,000  ±  0 

153,500 

±5,500 

S  Days 

418,667  ±7,311 

151,000 

±  6,245 

90  Days 

852,000  ±  34,000 

268,000 

±  4,000* 

Picatinny  A 

Control 

1  Hour 

5  ±  0 

05 

90  Days 

Short-term  contact 

1  Hour 

1 75  ±  29 

88±93 

Long-term  contact 

Undiluted  LP 

1  Hour 

862,567  ±  3,453 

295,800 

±2,178 

5  Days 

819,667  ±3,528 

283,000 

±  4,933 

90  Days 

839,500  ±  30,500 

240,150 

±  58.850* 

Diluted  LP 

1  Hour 

407,667  ±  3.844 

148,333 

±  3,180 

5  Days 

428.667  ±  3,71 1 

163,000 

±  7,572 

90  Days 

585,000  ±  4.854 

171,053 

±  4.953* 

Yuma  2A 

Control 

1  Hou' 

5  ±  1 

O3 

Short-term  contact 

1  Hour 

189  ±27 

184  ±  323  i 

Long-term  contact 

Undiluted  LP 

1  Hour 

866.667  ±  9.034 

301,233 

±  14,664 

5  Days 

848,000  ±  8,000 

265,500 

±  13,500 

90  Days 

801,600  ±38.000 

267,500 

±500* 

Diluted  lP 

1  Hour 

445.300  ±  6,426 

140,600 

±6,700 

5  Days 

393,000  ±  11,240 

145,000 

±2.5  ’ 

90  Days 

167,800  +  19,200 

106,867 

±  2,748' 

'  Based  on  three  replicate  treatments.  Detection  limits  for  HAN  were  3.000  ppm  and  for 

TEAN  were  1,000  ppm  exoept  where  otherwise  noted 
!  Controls  received  no  LP  treatment 

3  Detection  limits  were:  HAN  -  3  ppm,  ~EAN  -  1  ppm 

4  Detection  limits  were:  HAN  -  1  ppm,  TEAN  -  3  ppm 

5  Detection  limits  were  HAN  -  1  ppm,  TEAM  -  1  ppm 

TEAN  from  the  soils  in  the  short-term  test,  but  significant  levels  were  still 
present  in  1  -fir  samples  of  all  three  soils. 

Concentrations  of  HAN  in  undiluted  long-term  tests  changed  little  over 
time.  This  is  consistent  with  insufficient  quantities  of  soil  with  which  HAN 
could  react,  i.c.,  a  large  excess  of  HAN  in  the  test.  Concentrations  of  HAN  in 
the  diluted  long-term  tests  for  Yuma  2 A  soil,  which  has  been  demonstrated  to 
be  the  most  reactive  of  test  soils  with  LP,  decreased  over  time,  an  indication 
that  reaction  was  s'ill  occurring. 
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HAN  and  TEAN  concentrations  in  the  BRL-SAS  B  and  Picatinny  A  soils 
with  diluted  LP  generally  increased  between  1  hr  and  5  days  and  between 
5  and  90  days.  This  increase  is  attributable  to  a  decrease  in  water  because  of 
evaporation  over  the  prolonged  test  period.  However,  because  of  continued 
reactivity  with  HAN,  this  trend  in  the  data  was  not  observed  in  the  Yuma  2A 
soil. 

Changes  in  soil  mici  oflora  exposed  to  LP.  Only  aetinomycetes  and 
heterotrophic  bacteria  were  recovered  with  dilutions  made  from  the  BRL-SAS 
B  and  Picatiiiny  A  soils  during  the  control  and  short-term  contact  tests  (Fig¬ 
ure  30).  In  all  cases,  the  initial  effect  of  short-term  contact  was  to  drop  the 
population  levels  by  one  to  several  orders  of  magnitude.  Populations  recov¬ 
ered  to  near  control  levels  by  5  days,  except  for  heterotrophic  bacteria  in  Pica- 
tinny  A  soil,  which  failed  to  recover.  Microorganisms  in  the  Yuma  2A  soil 
remained  at  or  below  the  detection  limit  of  1  x  102  colony  forming  units 
(CFUs)/gram  ODW  of  soil  in  both  controls  and  short-term  contact  tests  (no 
graph  shown). 

No  microorganisms  were  detected  from  any  of  the  soils  on  any  of  the 
media  in  the  short-  or  long-term  contact  tests  with  undiluted  LP.  This  result 
indicated  that  undiluted  LP  is  toxic  to  all  the  microbial  groups  in  the  soil.  The 
pH  of  undiluted  and  diluted  LP  was  0.63  and  1.77,  respectively.  The  low  pH 
is  very  likely  a  significant  factor  in  the  decreases  in  the  numbers  of  micro¬ 
organisms  contacted  with  diluted  LP  and  the  toxicity  of  undiluted  LP. 

Liquid  propellent  in  the  media  as  a  carbon  and/or  nitrogen  source  failed  to 
support  growth  of  microorganisms  in  any  treatments.  Either  LP  was  toxic  to 
the  microorganisms,  or  the  microorganisms  were  incapable  of  utilizing  LP  as  a 
growth  substraie,  or  both.  In  order  to  serve  as  a  sole  carbon  and  nitrogen 
source,  LP  concentrations  would  have  to  be  significantly  lower  than  those  used 
in  this  study. 

Although  used  on  1-hr,  5-day  and  90-day  LP  samples  only,  AODC  and 
nutrient  agar  plate  counts  generally  substantiated  results  obtained  with  other 
media  for  most  of  the  treatments  (Table  33).  Results  for  controls  and  short¬ 
term  contact  tests  in  the  three  soils  were  comparable,  indicating  that  properties 
of  the  soils  exerted  no  influence  on  results.  In  long-term  contact  tests, 
undiluted  LP  sterilized  all  three  soils  within  the  first  hour  of  contact,  and  no 
subsequent  recoveries  in  microbial  populations  were  observed  over  the  90-day 
period  Ir  long-term  contact  tests  with  dilute  LP,  some  residual  micro¬ 
organisms  were  present  at  1  hr  in  Picatinny  A  and  Yuma  2 A  soils,  but  not  in 
BRL-SAS  B  soil.  Both  BRL-SAS  B  and  Picatinny  A  (but  not  Yuma  2A)  soils 
showed  some  regrowth  by  90  days.  The  AODC  method  produces  higher 
numbers  than  the  direct  plate  counts  because  AODC  enumerates  all  micro¬ 
organisms  visible  in  the  soil  sample,  whereas  the  plate  count  method  enumer¬ 
ates  only  those  microorganisms  able  to  grow  on  the  specific  artificial  media 
used. 
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Table  33 

Comparison  of  Total  Microorganisms  Determined  by  AODC  and 
Nutrient  Agar  Plate  Counts 

Soli 

Treatment' 

LP 

Contact 

Time 

Microorganisms  per  Gram  Dry  Weight  of 

Soil2 

Direct  Count 
(cefls/g  soil) 

Plate  Count 
(CFUs/g) 

BRL- 
SAS  B 

Control 

Short-term  contact 
long-term  contact 
diluted  LP 

1  Hour 

1  Hour 

1  Hour 

5  Days 

60  Days 

2.7  x  I05i  1  0>.  105 

9  6  x  10*  ±  4.3  x  10* 

0  0 

0.0 

12  x  10*1  5  5  x  10* 

9.8  x.  10*  ±  1.5  x  ICr3 

1.0  x  10*1  9  4  >:  10* 

0.0 

00 

2.3  x  10*  ±  2.5  x  102 

Pica  tinny 

A 

Control 

Short-tt-rm  contact 
long-tenn  contact 
diluted  LP 

1  Hour 

1  Hour 

1  Hour 

5  Days 

90  Days 

5.7  x  10*  ±  1.2  x  10* 

3  1  x  10*  1  1.6  x  10* 

5  3  x  102  1  2  6  x  10* 
0.0 

3.7  x  10*  ±  1.7  x  10* 

80x10*10 

_ 3 

7  2  x  10’  ±  3.1  x  10° 

0  0 

3  1  x  10*  1  5.8  x  102 

Yuma  2A 

Control 

Short-term  contact 
Long-term  contact 
diluted  LP 

1  Hour 

1  Hour 

i  Hour 

v»  i^ujro 

90  Days 

00 

0  0 

2.7  x  10*  ±  1  4  x  10* 

A  A 

V.V 

0.0 

3  1  x  10’  1  3.1  x  10° 

A  A 

V.V 

0.0 

l - 

1  No  microorganisms  wore  detected  by  either  method  in  undiluted  long-torn)  contact  tests. 
Therefcre.  these  negative  data  were  omitted  from  the  table 

2  Acridine  orar.go  direct  counts  wore  determined  on  only  the  1  -hr  short-turm  contact  tests 

3  —  Sample  lost  during  processing 

Changes  in  soil  niicroflora  exposed  to  HN03.  The  initial  effcci  of  short¬ 
term  contact  with  0.1N  HN03  was  a  drop  in  populations  of  all  microbial  types 
by  one  to  several  orders  of  magnitude.  However,  populations  recovered  by 
5  days  to  near  initial  levels  (Figure  31).  One  normal  HN03  short-term  contact 
tests  also  caused  an  immediate  drop  in  populatioas  of  all  microbial  types,  but 
populations  failed  to  recover. 

Long-term  contact  with  0.1N  and  1.0N  HN03  caused  populations  of  all 
microbial  types  to  drop  initially  by  one  to  several  orders  of  magnitude  (Fig¬ 
ure  32).  Populations  of  microbes  contacted  with  0.1N  HN03  recovered  to  near 
initial  levels  by  28  days,  while  populations  contacted  with  undiluted  HN03 
failed  to  recover. 
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The  AODC  indicated  that  the  same  numbers  of  total  bacteria  were  present 
in  the  0.1N  and  1.0N  HN03  short-  and  long-term  contact  treatments 
(Figures  31  and  32).  Moreover,  these  levels  apparently  did  not  change  o-  ' 
the  course  of  the  test.  However,  the  bacteria  in  the  0.1  N  HN03  treatment 
fluoresced  bright  green,  indicating  that  these  microorganisms  were  alive,  while 
those  in  the  1.0N  HN03  treatment  were  orange,  indicating  that  these  cells  were 
dead.  No  living  microorganisms  were  recovered  from  the  undiluted  treatment 
using  any  of  the  different  plated  media  (Figure  31).  Apparently,  the  1.0N 
HN03  killed  all  of  the  microorganisms  on  contact,  but  also  preserved  the  cells. 

The  pH  of  treatments  in  long-term  contact  tests  were  0.73  with  1.0N  HN03 
and  1.63  with  0.1N  HN03.  Soil  washing  after  short-term  contact  resulted  in 
increases  in  pH  to  3.29  in  1.0N  hN03  tests  and  3.41  in  0.1N  tests.  These  pH 
values  would  require  microorganisms  to  be  very  acidophilic  (acid  loving),  even 
for  the  0.  IN  HN03  treatments. 


Comparison  of  the  Impacts  of  LP  and  HNQ3 


The  intial  effect  of  short-term  contact  with  diluted  LP  and  0.1N  HN03  was 
to  decrease  the  numbers  of  microorganisms  present.  Over  the  course  of  the 
tests,  bacteria  and  actinomycetes  exposed  to  LP  for  the  short  term  generally 
recovered  slightly  from  the  lowest  levels  achieved  during  the  first  1  to  6  hr, 
but  never  returned  to  the  initial  population  levels.  The  same  was  true  for  the 
population  levels  of  heterotrophic  bacteria  and  actinomycetes  in  the  0.1N 
HN03  test.  Tne  undiluted  LP  and  1.0N  HN03  each  sterilized  the  soil  within 
the  first  hour  of  contact,  and  no  microorganisms  were  recovered  after  this. 


The  long-iemi  contact  tests  with  the  dilute  LP  and  OJN  HN03  showed 
some  differences.  All  heterotrophic  bacteria  and  actinomycetes  in  diluted  and 
undiluted  LP  long-term  contact  tests  were  killed.  By  contrast,  heterotrophic 
bacteria  in  the  0.1N  HN03  long-term  contact  tests  dropped  2  to  3  orders  of 
magnitude  and  then  recovered.  Fungi,  actinomyccs,  and  acid-tolerant  bacteria 
in  the  0.1  N  HN03  long-term  contact  tests  dropped  off  to  less  than  detection 
levels  and  then  recovered,  suggesting  that  the  conditions  selected  for  acid- 
resistant  forms  that  could  then  reoopulate  the  slurry  over  the  long  tenm. 

This  indicates  that  the  0.1  N  HN03  treatment  was  somewhat  milder  than  the 
dilute  LP  treatment.  The  pH  level  for  the  0.1N  HN03  long-term  contact  test 
(1.63)  was  in  the  same  range  as  for  the  diluted  long-term  LP  (1.77).  This 
indicates  that  other  factors  than  pH  alone  may  have  been  responsible  for  the 
impact  of  dilute  LP  on  microorganisms. 


Observations 

Microorganisms  vary  widely  in  their  responses  to  acidity.  An  acidic  pH 
between  4  and  6  and  an  alkaline  pH  between  8  and  9  are  normally  the  limits 
for  growth  ol  most  bacteria  (Thiinann  1963).  Most  bacteria  do  not  tolerate  pH 
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Log  Number  of  Microorganisms  Per  Gram  Dry  Weight  of  Soil 


Figure  31.  Response  o?  microflora  in  Picatinny  A  soil  to  1  hr  of  conlact  yvith 
HN03:  ‘  -  0.1N  HN03  treatment;  o  - 1  .ON  HN03  treatment  Values 
given  are  the  means  of  three  replicates  ±  standard  error  of  the 
mean 
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Figure  32.  Response  ol  microflora  in  Picatinny  A  soil  to  90  days  of  contact 
with  HN03:  •  -  0.1N  HN03  treatment,  o  -  1.0N  HN03  treatment. 
Values  given  are  the  means  of  three  replicates  ±  standard  error  of 
the  mean 
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levels  less  than  4.  However,  not  all  bacteria  respond  negatively  to  low  pH 
conditions,  and  many  acidophilic  species  are  known.  Some  of  those  able  to 
tolerate  the  most  acidic  conditions  include  Acetobacter  (vinegar-producing 
bacteria)  and  the  Thiobacilli  (sulfur  oxidizers)  (Thimann  1963).  In  addition, 
microbial  species  often  are  able  to  adapt  to  altered  soil  pH  (Parkin,  Sexstone, 
and  Tiedje,  1985).  For  example,  soil  bacteria  are  exposed  to  arid  conditions 
when  atmospheric  deposition  of  NO,  (mostly  N02)  and  its  reaction  products 
add  N03'  and  N02  to  the  soil  system.  Acidic  deposition  can  also  affect  popu 
lations  of  soil  bacteria  by  altering  the  soil  chemical  environment  and  organic 
matter  cycling  (Myrold  1990).  Bacterial  tolerance  of  low  pH  is  strongly 
influenced  by  other  environmental  factors  including  desiccation  and  tem¬ 
perature  (Evans,  Wallace,  and  Dobrowolski  1993)  and  carbon  substrate  level 
(Clarke,  Dilworth,  and  Glenn  1993). 

Fungi  do  quite  well  under  mildly  acidic  conditions.  In  fact,  most  yeasts 
and  fungi  are  markedly  acidophilic;  several  fungi  can  grow  in  acid  stronger 
than  pH  2  (Griffin  1972).  Ectomycorrhizal  fungi  are  often  able  to  grow  well 
at  pH  3  (Hung  and  Trappe  1983),  although  the  mycorrhizal  infection  of  seed¬ 
lings  may  decrease  as  a  result  of  soil  acidification  (Myrold  1990).  Rates  of 
respiration  by  fungi  are  not  affected  much  by  pH  levels  in  the  range  of  5  to  8, 
although  pH  can  impact  these  microorganisms  by  affecting  environmental 
factors  such  as  solubility  of  nutrients  (Griffin  1972).  Actinomycetes  arc  the 
most  acid  intolerant  of  the  microorganisms  examined;  their  optimum  pH  is 
approximately  8.5  (Thimanri  1963). 

Based  on  the  above  information,  the  effects  of  pH  on  levels  of  micro¬ 
organisms  in  soil  observed  in  this  study  are  not  surprising;  i.e.,  in  long-term 
0.1N  HN03  treatments,  some  bacteria  were  killed  off,  but  the  remaining  acid- 
tolerant  bacteria  were  able  to  repopulate  the  treatment  slurry;  fungi  generally 
fared  better  than  the  other  microorganisms;  and  the  actinomycetes  were 
extremely  sensitive  to  the  presence  of  acid.  The  bacteria  and  fungi  recovered 
on  plated  media  from  the  0.1  N  HN03  treatments  were  not  identified  to  genus 
and  species  level  to  determine  changes  in  diversity  over  time.  However,  based 
on  colony  morphology,  very  few  species  were  recovered  (D.  Gunnison,  unpub¬ 
lished  observation),  although  the  numbers  of  microorganisms  of  a  given 
species  were  quite  high.  Thjs  is  a  typical  response  to  a  severe  environmental 
stress  (Lynch  and  Poole  1979). 

Contact  with  1.0N  HN03  and  both  undiluted  and  diluted  LP  may  have 
caused  osmotic  shock  in  the  microorganisms  as  a  result  of  high  solute  concen¬ 
trations.  That  is,  the  concentration  of  dissolved  components  was  so  high  that 
water  was  forced  to  leave  the  microbial  cells  to  dilute  the  high  concentration 
of  solute  outside  the  cell;  this  caused  cells  to  desiccate  and  die  (plasmolysis). 
The  opposite  would  occur  if  chemicals  enter  the  cells  rapidly.  Water  would 
enter,  attempting  to  dilute  the  chemicals;  this  occurence  would  cause  the  cells 
to  swell  and  burst  (osmolysis).  The  pH  effect  and  the  osmotic  shock  acting  in 
concert  may  help  to  explain  why  1.0N  HN03  and  undiluted  arid  diluted  LP  had 
such  lethal  impacts  on  the  soil  microorganisms  in  comparison  to  HN03. 
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The  literature  search  located  very  little  relevant  literature.  However,  a  brief 
discussion  of  findings  is  given  in  Attachment  2. 


Conclusions 

Similar  results  were  observed  for  all  contact  tests  with  undiluted  LP  and 
1.0N  HN03.  Each  of  these  substances  sterilized  the  soil  within  the  first  hour 
of  contact;  no  microorganisms  were  recovered  after  this.  Similar  results  w-erc 
also  observed  for  the  initial  effects  of  short-term  contact  with  diluted  LP  and 
0.1N  HN03;  both  of  these  substances  decreased  the  numbers  of  microorgan¬ 
isms  present,  but  did  not  eliminate  them.  The  long-term  contact  tests  with  »he 
dilute  LP  and  0.1N  HN03  showed  some  differences.  All  heterotrophic  bacteria 
and  actinomycetes  in  the  diluted  and  undiluted  LP  long-term  contact  tests  were 
killed.  By  contrast,  the.  numbers  of  heterotrophic  bacteria  in  the  0.1  N  HN03 
long-term  contact  tests  dropped  by  2  to  3  orders  of  magnitude  and  then  recov¬ 
ered.  The  numbers  of  actinomycetes  dropped  below  detection,  and  then 
recovered  nearly  to  initial  levels. 

The  LP  toxicity  observed  in  this  study  is  likely  related  to  the  low  pH  of  the 
LP,  possibly  in  combination  with  osmotic  shock  to  the  microbes,  and  perhaps 
to  reactions  between  the  HAN  and  the  soil.  These  reactions  resulted  in  a  sig¬ 
nificant  pH  drop  and  the  rapid  oxidation  of  readily  oxidizabie  soil,  and  per¬ 
haps,  microbial  components.  Because  of  the  generally  lethal  effects  of  low 
pH,  measurement  of  soil  pH  at  a  spill  site  may  be  sufficient  to  indicate  the 
severity  of  impacts  on  the  soil  microflora. 

Removal  or  dilution  of  LP  within  the  first  1  to  2  hr  after  the  spill  would 
mitigate  impacts  on  soil  microflora.  Therefore,  water  is  an  effective  flushing 
agent  to  quickly  reduce  LP  concentrations  in  the  soil.  However,  concentrations 
remaining  may  be  sufficient  to  cause  an  immediate  toxic  effect  on  soil 
microbes.  Results  from  short-term  contact  tests  with  diluted  LP  suggest  that 
the  soil  microbes  have  the  potential  to  recover  from  these  immediate  impacts. 
For  this  reason,  removal  or  dilution  of  the  LP  as  soon  after  a  spill  as  possible, 
rather  than  waiting  for  rainfail  or  snowmelt  to  dilute  the  LP,  is  important. 

Spilled  LP  may  be  neutralized  by  adding  a  base.  However,  since  the  extent 
of  impact  resulting  from  osmotic  shock  is  not  known,  negative  impacts  from 
the  spill  may  already  have  occurred,  rendering  neutralization  efforts  of  little 
consequence. 


Attachment  1:  Dialog  Databases  Searched 

Databases  examined  included  Energy,  Science,  and  Technology  (1974-Aug 
1993),  Federal  Register  (Jan  1988  -  Aug  1993),  Chem  Abstracts  Search  (1967- 
1993),  Biosis  Previews  (1969-1993),  NTiS  (1964-1993),  Ei  Compindcx  Plus 
(1970-1993),  Oceanic  Abstracts  (1964-1993),  Envirolinc  (1970-1993),  Pollution 
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Abstracts  (1970-1993),  Aquatic  Science  Abstracts  (1979-1993),  PAIS  Inter¬ 
national  (1976-1993),  CAB  Abstracts  (1972-1993),  Geoarchive  (1974-1993), 
CRIS/IJSDA  (1993),  Environmental  Bibliography  (1974-1993),  EMBASE 
(EXCERTPA  MEDIC A)(  1 974- 1993),  DIALOG  Sourceone  (Sm)  Engineering, 
Academic  Index  (1976-1993),  Toxline  (1965-1993),  Newsearch,  Geobase 
(1980-1993),  Public  Opinion  Online  (1940-1993),  PTS  Newsletter  Database 
(1987-1993),  BNA  Daily  News  (1990-1993),  Federal  News  Service  (1991- 
1993),  and  Environment;-'  Bibliography  (1974-1993). 


Attachment  2:  Summary  of  Literature  Reviewed 


Nitrate  is  important  because  of  its  impact  on  higher  organisms.  In  mam¬ 
mals,  microbial  reduction  of  nitrate  to  nitrite  may  result  in  nitrite  poisoning 
(Marais  et  al.  1988).  Nitrite  is  also  a  precursor  in  the  formation  of  carci¬ 
nogenic  N-nitroso  compound:,  (Kunisaki  and  Hayashi  1979).  Plants  may  be 
burned  by  concentrated  nitrate  fertilizer.  As  a  whole,  addition  of  nitrate  tends 
to  stimulate  microbial  growth.  Nitrate  serves  as  a  source  of  nitrogen  and  can 
also  be  used  as  an  alternate  electron  acceptor  under  anaerobic  conditions. 
However,  excessive  nitrate  inhibits  nodulation  of  legumes  by  nitrogen-fixing 
bacteria  (Yoshioka  and  Maruyama  1990)  and  reducts  N20  to  N2  by  soil  micro¬ 
organisms  (Blackmer  and  Bremner  1978).  Ammonium  nitrate  may  inhibit  the 
activity  of  denitrifying  bacteria  in  soil  (El-Shinnawi  and  Aboel-Naga  1981). 


Synergistic  bactericidal  activity  was  more  effective  when  equimolar  solutions 
of  urea  and  ammonium  nitrate  were  used  against  a  variety  of  plant  pathogenic 
bacteria  (Veverka,  Kfldela,  and  Oliberius  1988).  Nitrite  also  reduces  the  cellu¬ 
lolytic,  xylanolytic,  and  total  microbial  populations  in  the  rumen  of  cattle 
(Marais  et  <J.  1988). 


Chapter  4  Effects  on  Soil  Microflora 
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Appendix  A 

Ion  Chromatography  of  Liquid 
Propellants  Using  an 
Electrochemical  Detector: 
Water  Analysis1 


Introduction 

Background 

In  order  to  characterize  the  environmental  effects  of  Liquid  Propellant/LP 
XM46  (LP),  a  method  for  reducing  detection  limits  below  levels  currently 
achievable  with  titrametric  methods  for  the  components  of  LP,  hydioxylammo- 
niuin  nitrate  (HAN),  and  triethanolammonium  nitrate  (TEAN)  in  soil  and  water 
matrices  was  needed. 


Objective 

The  objective  of  this  study  was  to  develop  methods  for  analyzing  LP,  a 
homogeneous  liquid  composed  of  60. 8-pcrcent  HAN,  19. 2-pcrccnt  TEAN,  and 
20.0-perceni  water  by  weight  having  a  density  of  1.450  g/cc  at  20  °C  (Sasse 
19907).  A  method  was  needed  that  would  separate  and  quantify  HAN  and 
TEAN  in  the  presence  of  interfering  ions  such  as  nitrate. 


1  By  Donald  W.  Rathburn  and  Ann  B.  Strong,  U.S.  Army  Engineer  Waterways  Experiment 
Station. 

2  See  Reference  at  the  end  of  the  main  text. 
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Experimental  Methods 

Ion  chromatography 

Ion  chromatography  (IC)  was  selected  because  of  its  specificity  and  ability 
to  obtain  low  detection  limits.  The  two  major  components  of  the  IC  system 
are  the  column  and  the  detector.  A  new  isocratic  method  using  a  cationic 
column  which  simultaneously  analyzes  monovalcnt/divalent  cations  and  low 
molecular  weight  amines  and  alkanolamines  was  adapted  for  use  (Waters 
Chromatography  Division  1991).  This  column  separated  the  HAN  and  TEAN 
components  and  eliminated  the  problem  of  high  nitrate  and  other  negative  ions 
in  the  samples. 

Past  chromatography  analyses  used  colorimetric  or  conductivity  detectors. 
The  problem  with  a  colorimetric  detector  is  that  alkanolamines  and  HAN  have 
no  chromophores  (chemical  groups  that  produce  color  in  compounds)  in  the 
ultra-violet  or  visible  regions.  Derivatization  with  compounds  containing  ultra¬ 
violet  chromophores  is  possible,  but  the  reagents  available  for  derivatization 
are  unreliable  and  prone  to  interferences.  Chemically,  HAN  is  a  very  reactive 
compound,  and  derivatization  may  be  possible  using  a  chromophoric  ketone  to 
form  an  oxime  (Sasse  1990),  but  this  would  not  work  for  TEAN. 

Conductivity  detectors  are  the  most  commonly  used  detectors  for  IC  and 
applicable  to  compounds  having  ions  with  fairly  high  equivalent  conductance. 
Both  hydroxyamine  and  triethanolamine  are  weak  conductors  and  are  not  good 
candidates  for  this  Lype  detection. 

More  recently,  electrochemical  detectors  (ECD)  using  direct  current  or 
pulsed  current  have  been  adapted  for  use  by  IC,  and  this  seemed  to  be  a  viable 
alternative  to  the  traditional  detectors  for  LP  components.  Interfering  com¬ 
pounds  which  co-elutc  can  be  discriminated  against  through  the  proper  selec¬ 
tion  of  the  cell  potential.  Because  of  the  instability  of  alkanolamines  at  low 
pH  and  hydroxyamine  at  high  pH,  a  method  was  developed  that  would  accom¬ 
modate  the  limitations  of  both  compounds.  A  pulsed  mode  of  operation  was 
selected  that  would  allow  detection  of  the  ions  of  interest  yet  maintain  the 
integrity  of  the  sample  compounds. 


Analytical  system 

The  IC  system  employed  for  separating  and  detecting  HAN  and  TEAN 
consisted  of  a  Waters  Model  510  pump,  Waters  Model  717  Autosamplcr, 
Waters  Post  Column  Reaction  System,  and  the  Waters  Model  464  Pulsed 
Electrochemical  Detector.  The  basis  for  the  separation  was  a  Waters  IC-PAK 
Cation  Exchange  Column  (No.  36570).  A  data  system  using  a  NEC  Power 
Mate  386/25  was  used  for  operational  control  of  the  system  and  lor  data 
storage  and  retrieval. 
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The  eluant  for  the  chromatographic  system  contained  5 -percent  methanol, 
0.1 -mM  ethylenediaminetetraacetic  acid,  and  3-mM  ultrex  nitric  acid  per  liter 
of  solution.  The  post-column  eluant  was  0.3-M  sodium  hydroxide  using 
carixin  dioxide  free  water.  Flow  rates  were  1 .0  mL  per  minute  for  the 
chromatographic  column  and  0.2  mL  per  minute  for  the  post-column. 

All  water  was  purified  using  a  Miili-Q  PLUS  Reagent  Grade  Water  System 
(Millipore  Corporation,  Bedford,  MA).  The  mobile  phase  and  post-column 
elution  phase  were  vacuum  filtered  through  a  Millipore  Type  GV  filter  to 
remove  particulates  and  to  degas  the  solution. 

The  ECD  system  contained  a  gold  electrode  as  the  working  electrode.  The 
reference  electrode  was  a  400-mM  sodium  hydroxide  saturated  sodium 
chloride/silver  chloride  electrode.  The  gold  electrode  was  selected  because  of 
its  resistance  to  electrolytic  corrosion. 


The  following  ECD  settings  were  used: 


El  100  mv 
E2  880  m  / 

E3  -520  mv 

I  Range  0-10  microamps 


T1  20  cycles  0.333  sec 
T2  20  cycles  0.333  sec 
T3  10  cycles  0.333  sec 
Total  pulse  -  0.999  sec 


Hi,  E2,  and  E3  are  fne  voltages  applied  to  the  eiuant  as  it  passed  through 
the  electrode  cell.  El  is  the  voltage  controlling  the  reduction  of  the  analyte; 

E2  and  E3  are  voltages  applied  to  maintain  the  electrode  in  a  state  of  prepared¬ 
ness.  Tl,  T2,  and  T3  are  the  times  applied  to  the  cells  at  El,  E2,  and  E3.  I 
refers  to  the  current  range.  Peak  areas  associated  with  each  component  were 
made  automatically  using  the  data  station. 


Detector  linearity 

The  linearity  of  the  detector  can  be  observed  in  Figures  A1  am  A2.  Solu¬ 
tions  containing  3-,  6-,  15-,  20-,  and  34-ppm  hydroxylammonium  nitrate  and 
1-,  5-,  8-,  and  10-ppm  iriethanolammonium  nitrate  were  used  for  this  study. 

The  measured  areas  of  the  peaks  are  shown  in  Tables  A1  and  A2.  A  25-pL 
sample  was  injected. 

A  typical  chromatogram  of  hydroxyamine  and  triethanolamine  is  shown  in 
Figure  Al.  Retention  times  for  hydroxyamine  and  triethanolamine  were 
3.33  min  and  6.42  min,  respectively.  Retention  time  is  sensitive  to  the  pH  of 
the  eluant,  and  slight  variations  have  an  effect.  The  rctenuun  times  of  both 
compounds  decrease  as  pH  decreases. 
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Table  Ai 

Peak  Areas  of  Hydroxylammonium  Nitrate 

Concentration,  ppm 

Area,  uVSec 

3 

586,670 

6 

969.370 

15 

2,390.000 

24 

3.704,000 

30 

4,618,000 

Table  A2 

Peak  Areas  of  Trlethanolammonlum  Nitrate 

Concentration,  ppm 

Area,  uVSec 

1 

100,000 

2 

179,300 

5 

516,500 

6 

e28.400 

10 

1,042,000 

Limit  of  detection 

The  limits  of  detection  were  estimated  by  comparing  peak  height  to  the 
noise  level.  The  peak  height  from  a  120-ppb  HAN  solution  was  compared 
with  the  noise  level  at  this  concentration.  Using  three  times  the  noise  level  as 
the  limit  of  detection,  a  value  of  20  ppb  was  determined  for  HAN.  Using  a 
400  ppb  solution  for  TEAN,  the  detection  limit  was  220  ppb. 


Reproducibility 

The  reproducibility  of  HAN  and  TEAN  measurement  was  evaluated  by 
measuring  the  peak  areas  from  a  repeated  number  of  analyses  at  the  same 
concentration.  Results  are  presented  in  Table  A3. 


Calibration  standards 

No  standard  analytical  reference  material  is  available  for  HAN  and  TEAN. 
The  calibration  standards  were  prepared  from  a  previously  analyzed  LP  sample 
as  a  reference  source  (Figure  A3).  Standards  were  prepared  in  plastic  vials  to 
minimize  sources  of  positive  ions  that  can  damage  the  analytical  column 
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Table  A3 

Reproducibility  Data  for  Hydroxylammonium  Nitrate  and 
Trlethanolammenlum  Nitrate 

Component,  ppm 

No.  of  !n|ectlons 

Average  Aroa,  uVSec 

X>RSD 

HAN  3  0 

19 

976.797  ±  26,265 

2.69 

HAN  5.0 

20 

2,093,082  ±  37,306 

1.78 

TEAN  1 .0 

19 

209,421  ±  14.05C 

6.71 

TEAN  5.0 

20 

465.403  ±  20,490 

4.50 

Quality  assurance/quality  control  (QA/QC) 

The  QA/QC  for  this  study  consisted  of  running  samples  in  duplicates,  pre¬ 
paring  matrix  spikes  and  matrix  spike  duplicates,  and  using  a  separate  LP 
sample  as  a  reference  source.  Matrix  spikes  were  prepared  from  the  reference 
sample. 


Conclusions 

Ion  chromatography  using  a  cation  column  for  separation  coupled  with  an 
electrochemical  detector  was  effective  in  analyzing  HAN  and  TEAN.  The 
system  responds  well  to  both  hydroxyamine  and  triethanolamine  with  low 
levels  of  detection.  Good  separation  of  ions  was  achieved  with  no  major 
chemical  interferences. 
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Appendix  B 

Ion  Chromatography  of  Liquid 
Propellant  Using  an 
Electrochemica1  Detector:  Soil 
Analysis1 


Introduction 

Background 

Liquid  propellant  (LP)  contains  three  major  ions:  the  hydroxylammonium 
cation,  the  triethanolammonium  cation,  and  the  nitrate  anion.  As  an  analytical 
indicator  in  soils,  neither  the  nitrate  ion  not  the  hydroxylammonium  ion  are 
good  choices  because  both  nitrate  and  ammonia  ate  natural  soil  components 
and  the  hydroxylammonium  ion  is  rapidly  degraded  in  most  soils.  Thus,  the 
triethanolammonium  ion  represents  the  best  choice  for  analytically  expressing 
live  concentration  of  LP  in  soils. 

Previous  methods  for  the  determination  of  hydroxylammonium  nitrate 
(HAN)  and  triethanolammonium  nitrate  (TEAN)  in  water  were  developed 
using  ion  cliromatographic  separation  and  electrochemical  detection  of  the  two 
major  cations  (Appendix  A).  This  procedure  is  an  extension  of  .’hat 
methodology. 


Objective 

The  objective  of  tliis  study  was  to  develop  a  method  of  analysis  lor  LP 
components  in  soils. 


1  By  Donald  W.  Ralhbum  and  Ann  B.  Strong,  U.S.  Army  Engineer  Waicrways  Experiment 
Station. 
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Experimental  Methods 


Soli  extraction 

The  following  extraction  procedures  were  investigated. 

a.  Neutral  extraction  with  5-percent  methanol. 

b.  Acid  extraction  with  hydrochloric  acid. 

c.  Soxhlet  extraction  with  hexane  and  sodium  sulfate. 

a.  Basic  extraction  with  sodium  hydroxide  in  5-pecem  methanol. 

Only  the  basic  extraction  procedure  yielded  acceptable  recovery  values  of 
80-percent  ot  better  for  the  triethanolammonium  ion  component  of  TEAM. 

The  extracting  liquid  is  a  basic  solution  of  5-jvucen;  methanol  in  water  (v/v) 
and  is  compatible  with  the  liquid  chromatography  eluant,  thus  eliminating  the 
need  for  solvent  change.  The  concentration  of  sodium  hydroxide  is  minimized 
to  decrease  the  possibility  of  damage  to  the  ion  exchange  column  in  the  ion 
chromatograph  (IQ  system. 


Chemicals 

The  L?  was  employed  in  the  early  phases  of  this  project  for  preparing 
standards  and  spiking  solutions.  However,  the  purity  of  the  propellant, 
especially  the  HAN  component,  became  suspect  as  the  ratio  of  HAN  to  TEAN 
began  to  fluctuate  over  time.  Thus,  the  use  of  analytical  grade  triethanolamine 
and  hydroxylamine  hydrochloride  replaced  LP  as  calibration  standards  for  tbc 
cations  of  TEAN  and  HAN.  Monoeihanolamine,  diethanolamine,  and  trietha¬ 
nolamine  were  purchased  fron  Aldrich  Chemical  Company  (Milwaukee,  WI). 
The  hydroxylxmine  hydrochloride  was  purchased  from  J.  T.  Baker,  Inc. 
(VhiHipsburg,  NJ).  Ammonium  nitrate  was  from  Fisher  Scientific  Company 
(Pittsburgh,  PA). 

All  water  was  purified  using  a  Milli-Q  PLUS  Reagent  Grade  Water  System 
(Millipere  Coq>oration,  Bedford,  MA). 


Preparation  o?  standards 

All  solutions  were  prepared  by  diluting  compounds  of  interest  to  10  mL: 
hydroxylamine  hydrochloride  -  0.54  g/10  mL;  ammonium  nitrate  - 
0.91  g/10  mL;  monocthanoiaminc  and  diethanolamine  -  0  20  g/10  mL;  and 
triethanolamine  -  2.01  g/10  mL. 
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The  above  solutions  were  used  for  preparing  standard  curves  and  spiki.ig 
soil  samples.  Standard  curves  were  prepared  with  lower  limits  of  1  pprr.  for 
HAN  and  TEAN,  and  0. 1  ppm  for  ammonia,  monoethanolamine,  and  dietha¬ 
nolamine.  Upper  limits  varied  from  10  to  50  ppm  for  HAN  and  TEAN, 
depending  upon  the  concentration  range  of  interest  in  the  environmental 
studies. 


Ion  chromatography 

The  IC  system  consisted  of  a  Waters  Model  510  pump,  Waters  Model  717 
Autosampler,  Waters  Post  Column  Reactor  System,  and  the  Waters  Model  464 
Pulsed  Electrochemical  Detector  (ECD).  The  basis  for  the  separation  was  a 
Waters  IC-PAK  Cation  Exchange  Column  (No.  36570).  A  data  system  using  a 
NEC  Power  Mate  386/25  was  used  for  operational  control  of  the  system  and 
for  data  storage  and  retrieval. 

The  eluant  for  the  chromatographic  system  contained  5-percent  methanol, 
0.1-mM  ethylenediaminetetraacetic  acid,  and  3-mM  ultrex  nitric  acid  per  liter 
of  solution.  The  post-column  eluant  was  0.3-M  sodium  hydroxide  using 
carbon  dioxide  free  water.  Row  rates  were  1.0  mL  per  minute  for  the  chro¬ 
matographic  .column  and  0.2-mL  per  minute  for  the  post-column  eluant.  Injec¬ 
tion  volume  was  normally  25  pL. 

The  ECD  system  contained  a  gold  electrode  as  the  working  electrode.  The 
reference  electrode  was  a  400-mM  sodium  hydroxide  saturated  sodium 
chloride/silve  r  chloride  electrode  equipped  with  a  Teflon  frit. 

The  following  ECD  settings  were  used:  El  =  100  mv,  T1  =20  cycles 
0.333  sec,  E2  =  880  mv,  T2  =  20  cycles  0.333  sec,  E3  =  -520  mv.  T3  = 

20  cycles  0.333  sec,  Total  pulse  =  0.999  sec  and  1  range  =  0-10  microamps. 


Extraction  procedure 

The  ratio  of  extracting  solvent  to  soil  was  6:1  (mL/g).  Plastic  centrifuge 
tubes  with  caps  were  used  for  extraction.  Extraction  steps  were  as  follows: 

a.  A  soil  sample  weighing  between  500  to  1,000  mg  was  placed  into  a 
plastic  centrifuge  tube. 

b.  An  appropriate  volume  (6:1  mL/g)  extracting  liquid  was  added  to  the 
soil  sample  in  the  tube. 

c.  The  soil  and  extraction  liquid  were  thoroughly  mixed  on  a 
vortex  mixer. 

d.  The  NaOH  (100  pL  of  0.3  N)  was  added  to  the  tube  and  Die  compo¬ 
nents  vortex-mixed. 
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e.  The  pH  was  checked  using  indicator  strips.  If  the  pH  were  less  than 
11,  an  additional  100  uL  of  NaOH  was  added  and  the  vortex-mixing 
repeated.  This  procedure  was  repeated  until  the  pH  remained  1 1  or 
above. 

/.  The  tubes  were  placed  on  a  mechanical  shaker  and  agitated  for  1  hr. 

g.  The  tubes  were  removed  and  placed  in  a  table-top  centrifuge  for  5  min. 
at  maximum  revolutions  per  minute. 

h.  The  supernatant  was  filtered  through  a  5.0-p  and  0.45-p  filter  using  a 
10-cc  plastic  syringe. 

i.  The  samples  were  diluted,  if  necessary,  at  this  point. 

j.  The.  samples  were  analyzed  using  IC-ECD.  Injection  volume  was 
normally  25  pL. 

k.  Chromatographic  run  times  were  15  min  to  ensure  elution  of  all  ions 
from  the  column. 


Results 

Multiple  samples  of  several  soil  types  were  spiked  at  various  concentrations 
cl  hydroxylamine  and  triethanolamine  proportioned  as  in  LP.  Table  B1  pres¬ 
et;  the  recoveries  of  triethanolammonium  cation  (as  TEAN). 

study  of  detection  limits  was  made  using  the  WES  Reference  soil.  The 
Tri  NT  peak  height  was  compared  with  the  baseline  noise,  assuming  the  dctec- 
tic  r  limit  to  be  10  times  the  baseline  noise.  The  limit  of  detection  by  peak 
hen  it  was  4  mg/kg.  However,  because  of  negative  peaks  and  drifting  baseline 
pro'  lems,  100  mg/kg  probably  represents  a  working  detection  limit  under  these 
con  itions. 


Discussion 

Figure  B 1  is  a  chromatogram  of  the  five  cations  used  or  anticipated  to  be 
found  in  this  study.  Although  the  monocthanol ammonium  and  diethanolamm- 
onium  cations  were  anticipated,  they  were  never  observed  in  large  amounts. 
The  ammonium  ion  was  always  present,  even  in  the  unspiked  samples,  proba¬ 
bly  as  a  contaminant  in  the  soil  or  laboratory'  water.  Comparisons  of 
Figures  B2,  B3,  B4,  and  B5  showed  very  little  ammonium  from  Cement  157 
and  Picatinny  B;  while  with  Socorro  P  and  WES  Reference,  the  ammonium 
ion  increased. 
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Table  B1 

TEAN  Recovery  ±  Standard  Error 

Sol) 

Spike  Amount,  pg 

Recovered,  pg 

Recovery,  %  || 

Yuma  2A 

85 

82  ±6 

97  | 

Picatinny  A 

85 

81  ±  4 

95 

BRL-SAS  A 

85 

71  ±  1 

84 

China  Lake  A 

95 

75  ±  1 

79 

Cement  157 

95 

89  ±  1 

94 

Cement  158  F 

95 

91  ±  1 

96 

WES  Reference 

95 

93  +  1 

98 

BRL-SAS  B 

95 

97  ±  1 

102 

Socorro  P 

95 

79  ±  4 

83 

Picatinny  B 

95 

87  ±  1 

92 

Yuma  2A 

8.500 

8,880  ±  720 

104 

Picatinny  A 

8,500 

8,420  ±  800 

99 

BRL-S*  S  A 

8,500 

6,910  ±  450 

81 

The  fa/lure  to  routinely  extract  HAN  cannot  be  dearly  explained.  The 
HAN  is  probably  reacting  with  a  soil  constituent.  Certain  soils  do  not  com¬ 
pletely  degrade  HAN  (Figure  B2).  In  other  cases,  HAN  is  almost  totally 
absent  (Figures  B3,  B4,  and  B5). 

During  the  IC  analysis  of  soils,  strong  negative  peaks  appeared  often  in  the 
chromatograms.  Figure  B2  has  a  large  negative  peak  at  approximately 
8.7  min.  Tltis  peak  was  frequent,  but  reproducibility  for  all  negative  peaks 
was  poor,  probably  because  of  the  heterogeneous  nature  of  the  soil. 
Occasionally,  a  broad  negative  peak  was  observed  from  1 .5  to  6  min.  (Fig¬ 
ure  B5).  Thus,  the  time  for  analysis  was  extended  to  15  min,  10  min  normally 
being  adequate  for  water  samples  (Appendix  A).  No  effort  was  made  to  iden¬ 
tify  these  negative  peaks. 
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Appendix  C 

Notations 

1 

i 

h 

e 

i 

Abbreviations 

1 

k 

2 

%oc 

Percent  organic  carbon 

| 

2,  4-DNT 

2,  4-dinitrotoluene 

j 

.1 

2,  6-DNT 

2,  6-dinitrotoluenc 

r 

4  ADNT 

4-amino-2,  6-dinitrotolucne 

i 

A1 

Aluminum 

5 

t 

AODC 

Acridine  orange  direct  count 

Nj 

1* 

n 

ATR 

Attenuated  total  internal  reflectance 

ES 

1 

Ca 

Calcium 

CEC 

Cation  exchange  capacity 

Ip 

R 

CFU 

Colony  forming  unit 

mm 

1 

CO 

Carbon  monoxide 

is 

CO, 

Carbon  dioxide 

DAPI 

diamidino-2-phcnyl-indole 

i 

DNB 

1,  3-dinitrobcnzene 

spi 

J 

i 

Fe 

Iron 

|pj 

V 

i: 

FTIR 

Foutier  Transform  Infrared  Spectroscopy 

Pi 

H 

GA 

Glycerol  agar 

m 

1 

GLC 

Gas  Liquid  Chromatography 

y 

© 

HA 

Hydroxylaminc 

HAN 

Hydroxylammonium  nitrate 

u 

HMX 

1,  3.  5,  7-tctranitrooctahydro-l,  3,  5,  7-tctrazoline 

K* 

HNOj 

Nitric  acid 

;/ 

IRE 

Internal  reflectance  element 

{■ 

LP 

Liquid  popcllant/LP  XM46 

HI 

Mn 

Manganese 

NOj-N 

Nitrate  nitrogen 

N0j/N02-N 

Nitrate/nitrite  nitrogen 

no2-n 

Nitrite  nitrogen 

nh3-n 

Ammonia  nitrogen 

pi 

n2o 

Nitrous  oxide 

■ 

no2 

Nitrogen  dioxide 

m 

NO 

Nitric  oxide 
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n2 

Nitrogen 

02 

Oxygen 

ODW 

Oven  dry  weight 

ON 

Organic  nitrogen 

PBS 

Phosphate-buffered  soils 

PDA 

Potato  dextrose  agar 

PTYG 

Peptone-iryptone-yeast  extract  glucose  agar 

RDX 

1,  3,  5-  trinitro  -1,  3-,  5-  hexahydrotriazine 

STP 

Standard  Temperature  ana  pressure  (T10) 

TEA 

Triethanolamine 

TEAN 

Triethanolammonium  nitrate 

TKN 

Total  Kjeldahl  nitrogen 

TOC 

Total  organic  carbon 

TNB 

1,  3,  5-trinitrobenzene 

TNT 

2,  4,  6-trinitrotoluene 

RO 

Reverse  osmosis 

Symbols 

a 

dimensionless  constant 

A 

pore  area,  cm2 

b 

Langmuir  constant  related  to  entropy.  L/mg 

B 

depth  of  flow,  cm 

c 

constant,  area/time 

C 

equilibrium  solution  concentration 

Co 

drag  coefficient,  dimensionless 

C(L,T) 

concentration  at  location  (L),  time  (T),  mg/L 

c0 

input  concentration,  mg/L 

d 

soil  particle  size,  cm 

dP 

mean  panicle  size,  cm 

D 

dispersion  coefficient,  cm2/s 

ERFC 

complementary  error  function  of 

EXP 

exponential  function  of 

fOC 

fraction  of  organic  carbon 

8 

acceleration  of  gravity,  cm/s7 

G 

grass  density,  stalks  per  unit  area 

l 

hydraulic  gradient,  dimensionless 

k' 

first  order  reaction  rate,  s  ' 

k 

constant,  area/time 

K 

coefficient  of  hydraulic  conductivity,  cm/s 

K' 

proponionality  coefficient,  dimensionless 

adsorption  distribution  coefficient,  ern’/g 

*/ 

adsorption  coefficient  for  Freundlich  equation 

mgtn  l)  x  L1M/kg 

bulk  modulus  of  expansion,  dimensionless 

L' 

distance,  cm 

L'/V1/3 

m 

M 

n' 

n 

N 

N* 

Q 

q 

r2 


R. 

R, 

R 

W. 

tc 

T 

T 

£/ 

v 

V 

y, 

Y, 

Z 

P 

M 

{ 

a 

P 

0. 

T1 

T 

P. 

P* 

c 


difference  between  measured  runoff  function  value, 

dimensionless 

dimensionless  constant 

mass  input,  mg 

Frcundlich  characteristic  constant 
porosity,  dimensionless 

number  of  revolutions  of  centrifuge  per  minute 

Reynolds  number,  dimensionless 

monolayer  sorption  capacity  (mg/kg) 

solid  phase  concentration,  mg/kg 

correlation  coefficient,  dimensionless 

Pearson  Product-Moment  Correlation  Coefficient, 

dimensionless 

distance  from  centrifuge  spindle  to  deposition  surface  of 
centrifuge 

distance  from  centrifuge  spindle  to  deposition  surface  of 
centrifuge 

retardation  coefficient,  dimensionless 
application  time  of  the  fluid,  s 
centrifuge  time,  min 
time,  s 

pore  volumes  eluted,  dimensionless 

average  velocity  of  flow,  cm/s 

average  pore  water  velocity,  cm/s 

volume  of  fluid  applied  to  soil,  cm3 

distance  wetting  front  is  below  ground  surface,  cm 

vertical  distance  from  soil  surface  to  deepest  wetting  front, 

cm 

volume  of  water  infiltrated  per  unit  length,  om3/cm 

fluid  density,  g/cm3 

fluid  viscosity,  g/cm-s 

the  slope  of  the  ground  surface,  radians 

hydraulic  friction  law,  m1&/day 

hydraulic  friction  law  exponent 

slope  of  the  water 

constant  for  the  equation  CD  =  T]/NRt 
time  since  start  of  flooding,  s 
soil  expansivity,  dimensionless 
bulk  density,  g/cm3 
surface  tension  of  the  fluid,  g/sz 
any  function 
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